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ABSTRACT
In any object, including humans, the rate of heat exchange is surface
area-dependent, whilst one's body mass and composition will determine heat-storage
capacity. Therefore, among individuals with similar composition, heat exchange and
storage are tightly linked to morphological variations in the ratio between body
surface area and mass (specific surface area). That ratio is known to be a key
determinant of body temperature change during exercise in the heat, and may assist in
explaining inter-individual and gender-related differences in vasomotor and sudomotor
function, and perhaps the extent of thermoeffector adaptation. However, systematic
research on the possible association between morphological configuration and
thermoeffector function is surprisingly sparse, and often incomplete. Accordingly,
three experimental studies were conducted, following a series of preliminary
investigations (Chapter 2), to evaluate whether or not thermoeffector activity displays
a morphological dependency in both men (Chapters 3) and women (Chapter 4), and
also following heat acclimation (Chapter 5).
The first experiment (Chapter 3), was aimed at identifying to what extent
differences in morphology may help to explain the relative contributions of vasomotor
and sudomotor function to maintaining heat balance. These responses were examined
in thirty-six males with widely varying specific surface areas (range: 232.3-292.7
cm2.kg-1), but of similar acclimation state, age, aerobic fitness and adiposity. Subjects
completed two trials under compensable conditions (28oC, 37% relative humidity),
each involving steady-state cycling (45 min) at two fixed metabolic heat production
rates (light: ~135 W.m-2; moderate: ~200 W.m-2) that elicited matched and clamped
mean body temperature changes across participants. During light work, both forearm
(venous-occlusion plethysmography) and cutaneous blood flow (laser Doppler
flowmetry) shared significant, positive associations with the specific surface area
(r=0.63 and r=0.53; both P<0.05). Conversely, whole-body sweat rate (body mass
change), as well as local sweat rate (ventilated capsules) and sudomotor sensitivity at
three of four measured sites revealed moderate, negative relationships with the
mass-specific surface area during light and moderate work (correlation coefficient
ii

range: -0.38 to -0.73; P<0.05). Together, those relationships could independently
explain between 11-53% of individual thermoeffector variance (P<0.05). These
outcomes indicated that up to half of the inter-individual variation in these responses
could now be explained through morphological differences and the first principles
governing heat transfer.
The second study was designed to identify whether or not gender differences in
vasomotor and sudomotor function could be explained by morphological variations
between men and women under similarly compensable exercise conditions (Chapter
4). These responses were examined in male and female subjects with pronounced
differences in their specific surface area (range: 232.3-292.7 and 241.2-303.1
cm2.kg-1, respectively), whilst controlling for individual differences in the other
characteristics that may independently influence thermoeffector activation (e.g., age,
adiposity, aerobic fitness, acclimation state). Subjects performed the same two
experimental trials as investigation one (Chapter 3), which involved two levels of
compensable, steady-state exercise (light: ~135 W.m-2; moderate: ~200 W.m-2) in
warm, dry conditions (28oC; 36% relative humidity), that elicited matched and
clamped mean body temperature changes across participants. Cutaneous vasomotor
responses were positively related to the specific surface area in females (correlation
coefficient range: 0.57 to 0.65; P<0.05), while whole-body and local sudomotor
responses were negatively related to that ratio (correlation coefficient range: -0.33 to 0.62; P<0.05). Those relationships could also account for a significant proportion of
individual thermoeffector variance across participants (range: 13-65%; P<0.05).
However, after accounting for morphological differences in the specific surface area,
gender explained less than 5% of inter-individual variations in both vasomotor and
sudomotor activity. These findings confirmed that gender differences in
thermoeffector responses under compensable exercise conditions were largely
morphologically related, rather than gender dependent.
The final experiment (Chapter 5) was aimed at evaluating whether or not
morphological differences in the specific surface area may have some bearing on the
iii

extent of vasomotor and sudomotor adaptation. These thermoeffector responses were
assessed in smaller and larger participants with considerable differences in specific
surface area (smaller: 272.8 cm2.kg-1 [SD 8.5]; larger: 244.4 cm2.kg-1 [SD 10.0]), but
who were matched for age, adiposity and endurance fitness. Subjects performed
steady-state exercise (45 min), eliciting two matched and clamped deep-body
temperatures (37.5oC and 38.5oC), in hot, dry conditions (40.0oC, 37% relative
humidity) before and after heat acclimation. To induce physiological adaptations
during acclimation, subjects performed exercise to rapidly elevate and clamp
deep-body temperature at a fixed level (38.5oC) for 90 min on nine consecutive days.
Following this treatment, forearm blood flow, as well as whole-body and local sweat
rate in the smaller and larger groups increased significantly by between 16% to 41%
and 11% to 47%, respectively (P<0.05). However, the relative improvements in
those responses did not differ significantly between groups (P>0.05). Therefore, it
was concluded that both vasomotor and sudomotor adaptation appear to be unrelated
to body morphology.

iv

MANUSCRIPTS PUBLISHED DURING DOCTORAL STUDIES
Notley, S.R., Fullagar, H.H.K., Lee, D.S., Matsuda-Nakamura, M., Peoples, G.E.,
and Taylor, N.A.S. (2014). Revisiting ventilatory and cardiovascular
predictions of whole-body metabolic rate. Journal of Occupational and
Environmental Medicine. 56:214-223.
Notley, S.R., Peoples, G.E., and Taylor, N.A.S. (2015). The utility of heart rate and
minute ventilation as predictors of whole-body metabolic rate during
occupational simulations involving load carriage. Ergonomics. 58:1671-1681.
Taylor, N.A.S., Fullagar, H.H.K., Sampson, J.A., Notley, S.R., Burley, S.D., Lee,
D.S., and Groeller, H. (2015). Employment standards for Australian urban
firefighters. Part 2: The physiological demands and the criterion tasks. Journal
of Occupational and Environmental Medicine. 57:1072-1082.
Taylor, N.A.S., Burdon, C.A., van den Heuvel, A.M.J., Fogarty, A.L., Notley,
S.R., Hunt, A., Billing, D.C., Drain, J.R., Patterson, M.J., and Peoples,
G.E. (2015). Balancing ballistic protection against physiological strain:
Evidence from laboratory and field trials. Applied Physiology, Nutrition, and
Metabolism. 41:1-8.
Peoples, G.E., Lee, D.S., Notley, S.R., and Taylor, N.A.S. (2015). The effects of
thoracic load carriage on maximal ambulatory work tolerance and acceptable
work duration. European Journal of Applied Physiology. 116:635-646.
Notley, S.R., Park, J., Tagami, K., Ohnishi, N., and Taylor, N.A.S. (2016).
Morphological dependency of cutaneous blood flow and sweating during
compensable heat stress when heat-loss requirements are matched across
participants. Journal of Applied Physiology. 121:25-35.
Taylor, N.A.S., and Notley, S.R. (2016). Anatomical and physiological
considerations for the modelling of heat loss in humans. In: Shrivastava, D.
(Editor). Theory and application of heat transfer in cells and organs. John
Wiley & Sons. Invited Book Chapter. ISBN: 9781119127307. In press.

v

ACKNOWLEDGEMENTS
In completing this research, I would like to extend my sincere gratitude to my
supervisor, Nigel Taylor, for his outstanding guidance and support during my
candidature. Nigel’s passion and commitment to research is second to none, and I
have been very fortunate to complete my thesis under his supervision. Thank you to
Glen Kenny and Norikazu Ohnishi, who have provided additional guidance, their
advice throughout this process has been excellent.
To the past and present members of the Centre for Human and Applied
Physiology, Joonhee Park, Kyoko Tagami, Elizabeth Taylor who have assisted with
this project, thank you for all your hard work. Thank you to all the individuals who
willingly gave up their time to participate in these experiments, your contribution to
science was invaluable.
Thank you to the people in Wollongong and beyond who have helped me
along the way. Especially, Petra, Jo, Chris, Anne, Bianca, Hugh, Catriona, Simon,
Nuri, Mike, Heather, Lachy, Kent, Adam and Pete. I am grateful for your humour
and support throughout my candidature.
Finally, I would like to thank my family and friends for their encouragement
while completing this degree. I would like to especially thank my partner, Lauren,
who has supported me throughout this process, I would not have been able to do this
without her understanding.

vi

TABLE OF CONTENTS
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii
MANUSCRIPTS PUBLISHED DURING DOCTORAL STUDIES . . . . . . . . . v
ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
TABLE OF CONTENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xx
CHAPTER 1: INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 CONCEPTUAL INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.1 Biophysics of heat transfer . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.1.1 Metabolic heat production . . . . . . . . . . . . . . . . . 3
1.1.1.2 Dry, evaporative and respiratory heat exchange . . . 4
1.1.2 Body temperature regulation: a control systems approach . . . 6
1.1.2.1 The passive sub-system . . . . . . . . . . . . . . . . . . . 8
1.1.2.2 The active sub-system . . . . . . . . . . . . . . . . . . . 12
1.1.3 Thermoeffector function during exercise in the heat . . . . . . 13
1.1.3.1 Cutaneous vasodilatation . . . . . . . . . . . . . . . . . 13
1.1.3.2 Eccrine sweating . . . . . . . . . . . . . . . . . . . . . . 14
1.1.3.3 Inter-individual variations in vasomotor and sudomotor
function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.2 AIMS AND HYPOTHESES . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.2.1 The morphological dependency of vasomotor and sudomotor
function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.2.2 The interrelation between morphology and gender on vasomotor
vii

and sudomotor function . . . . . . . . . . . . . . . . . . . . . . . 19
1.2.3 The influence of morphology on vasomotor and sudomotor
adaptation during heat acclimation . . . . . . . . . . . . . . . . 21
1.3 SUMMARY OF EXPERIMENTS AND CHAPTER CONTENT . . . 23
1.3.1 Published works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.4 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
CHAPTER 2: PRELIMINARY CONSIDERATIONS ON ASSESSING BODY
ADIPOSITY, NORMALISING PHYSIOLOGICAL RESPONSES AND
STANDARDISING WORK INTENSITY . . . . . . . . . . . . . . . . . . . . 37
2.1 ASSESSING ADIPOSITY IN PHYSICALLY DIVERSE POPULATIONS
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.1.1.1. Anthropometric assessment of human adiposity . . 40
2.1.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.1.2.1. Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.1.2.2 Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.1.2.3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . 48
2.1.2.4 Estimating body surface area: Dubois and Dubois
(1916) formula . . . . . . . . . . . . . . . . . . . . . . . . 50
2.1.2.5 Determination of subject selection criteria . . . . . . 52
2.1.2.6 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.1.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.1.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
2.1.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.2 NORMALISING PHYSIOLOGICAL RESPONSES TO BODY SIZE

60

2.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
2.2.1.1 Ratiometric scaling . . . . . . . . . . . . . . . . . . . . . 62
2.2.1.2 Adjusted regression analysis . . . . . . . . . . . . . . . 63
2.2.1.3 Analysis of covariance . . . . . . . . . . . . . . . . . . . 63
2.2.1.4 Allometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
viii

2.2.1.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
2.2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
2.2.2.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.2.2.2 Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.2.2.3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . 71
2.2.2.4 Normalisation procedures . . . . . . . . . . . . . . . . . 72
2.2.2.5 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . 74
2.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
2.2.3.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
2.2.3.2 Statistical assumptions . . . . . . . . . . . . . . . . . . . 75
2.2.3.3 Normalising dry-heat losses to body surface area . . 78
2.2.3.4 Normalising whole-body sweat rate to body surface area
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
2.2.3.5 Normalising whole-body sweat rate to body surface area
between groups differing in body size . . . . . . . . . 83
2.2.3.6 Normalising peak oxygen consumption to body mass
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
2.2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
2.3 IDENTIFYING WORK INTENSITIES THAT ELICIT EQUIVALENT
BODY TEMPERATURE CHANGES . . . . . . . . . . . . . . . . . . . 96
2.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
2.3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
2.3.2.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
2.3.2.2 Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . 102
2.3.2.3 Experimental standardisation . . . . . . . . . . . . . . . 102
2.3.2.4 Measurements . . . . . . . . . . . . . . . . . . . . . . . . 103
2.3.2.5 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.3.3.1 Subject characteristics . . . . . . . . . . . . . . . . . . . 105
2.3.3.2 Body temperatures: area-specific work rate . . . . . 106
2.3.3.3 Oxygen consumption: area-specific work rate . . . . 106
ix

2.3.3.4 Indirectly derived (theoretical) heat production and
exchange . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
2.3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
2.3.4.1 Absolute work rates . . . . . . . . . . . . . . . . . . . . 113
2.3.4.2 Mass-specific work intensities . . . . . . . . . . . . . . 113
2.3.4.3 Work at a relative percentage of peak oxygen uptake
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
2.3.4.4 Area-specific work intensities . . . . . . . . . . . . . . 115
2.3.4.5 Allometrically scaled mass-specific work intensities
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
2.3.4.6 Work normalised to specific surface area . . . . . . . 116
2.3.4.7 Work intensities to elicit equivalent body temperature
changes in uncompensable environments . . . . . . . 118
2.3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
2.3 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
CHAPTER 3: MORPHOLOGICAL DEPENDENCY OF CUTANEOUS BLOOD
FLOW AND SWEATING DURING COMPENSABLE HEAT STRESS
WHEN HEAT-LOSS REQUIREMENTS ARE MATCHED ACROSS
PARTICIPANTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
3.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
3.2 METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
3.2.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
3.2.2 Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
3.2.2.1 Experimental overview . . . . . . . . . . . . . . . . . . 138
3.2.2.2 Experimental protocol . . . . . . . . . . . . . . . . . . . 138
3.2.2.3 Preliminary session . . . . . . . . . . . . . . . . . . . . . 141
3.2.2.4 Experimental standardisation . . . . . . . . . . . . . . . 143
3.2.3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
3.2.3.1 Ambient conditions . . . . . . . . . . . . . . . . . . . . . 144
3.2.3.2 Tissue temperatures . . . . . . . . . . . . . . . . . . . . 144
x

3.2.3.3 Cardiovascular responses . . . . . . . . . . . . . . . . . 147
3.2.3.4 Sudomotor responses . . . . . . . . . . . . . . . . . . . . 150
3.2.3.5 Oxygen consumption and carbon dioxide production
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
3.2.3.6 Indirectly derived heat production and exchange . . 153
3.2.3.7 Psychophysical measures . . . . . . . . . . . . . . . . . 157
3.2.4 Design and data analysis . . . . . . . . . . . . . . . . . . . . . . . 157
3.3 RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
3.3.1 Subject characteristics . . . . . . . . . . . . . . . . . . . . . . . . . 160
3.3.2 Indirectly derived heat production and exchange . . . . . . . . 160
3.3.3 Body temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
3.3.4 Cardiovascular responses . . . . . . . . . . . . . . . . . . . . . . . 162
3.3.4.1 Heart rate and mean arterial pressure . . . . . . . . . 162
3.3.4.2 Cutaneous vascular responses . . . . . . . . . . . . . . 164
3.3.5 Sudomotor responses . . . . . . . . . . . . . . . . . . . . . . . . . . 167
3.3.6 Psychophysical responses . . . . . . . . . . . . . . . . . . . . . . . 169
3.4 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
3.5 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
3.6 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
CHAPTER 4: THE INTERRELATION BETWEEN BODY MORPHOLOGY
AND GENDER ON VASOMOTOR AND SUDOMOTOR FUNCTION
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
4.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
4.2 METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
4.2.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
4.2.2 Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
4.2.2.1 Experimental overview . . . . . . . . . . . . . . . . . . 186
4.2.2.2 Experimental protocol . . . . . . . . . . . . . . . . . . . 189
4.2.2.3 Preliminary session . . . . . . . . . . . . . . . . . . . . . 191
4.2.2.4 Experimental standardisation . . . . . . . . . . . . . . . 191
xi

4.2.3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
4.2.3.1 Ambient conditions . . . . . . . . . . . . . . . . . . . . . 192
4.2.3.2 Tissue temperatures . . . . . . . . . . . . . . . . . . . . 192
4.2.3.3 Cardiovascular responses . . . . . . . . . . . . . . . . . 193
4.2.3.4 Sudomotor responses . . . . . . . . . . . . . . . . . . . . 195
4.2.3.5 Oxygen consumption and carbon dioxide production
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
4.2.3.6 Indirectly derived heat production and exchange . . 197
4.2.3.7 Psychophysical measures . . . . . . . . . . . . . . . . . 198
4.2.4 Design and data analysis . . . . . . . . . . . . . . . . . . . . . . . 198
4.3 RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
4.3.1 Subject characteristics . . . . . . . . . . . . . . . . . . . . . . . . . 200
4.3.2 Indirectly derived heat production and exchange . . . . . . . . 201
4.3.3 Body temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
4.3.4 Cardiovascular responses . . . . . . . . . . . . . . . . . . . . . . . 205
4.3.4.1 Heart rate and mean arterial pressure . . . . . . . . . 205
4.3.4.2 Cutaneous vascular responses . . . . . . . . . . . . . . 207
4.3.5 Sudomotor responses . . . . . . . . . . . . . . . . . . . . . . . . . . 209
4.3.6 Psychophysical responses . . . . . . . . . . . . . . . . . . . . . . . 216
4.4 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
4.4.1. Experimental design considerations . . . . . . . . . . . . . . . . 217
4.4.2 Absolute gender differences in vasomotor and sudomotor
function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218
4.4.3 Morphological dependency of cutaneous vascular and sweating
responses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
4.4.4 Thermoeffector variance independently explained by gender
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
4.5 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
4.6 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224
CHAPTER 5: BODY MORPHOLOGY DOES NOT APPEAR TO INFLUENCE
xii

THERMOEFFECTOR FUNCTION DURING HEAT ACCLIMATION
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
5.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
5.2 METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234
5.2.1 Subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234
5.2.2 Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
5.2.2.1 Experimental overview . . . . . . . . . . . . . . . . . . 236
5.2.2.2 Heat acclimation treatment . . . . . . . . . . . . . . . . 237
5.2.2.3 Experimental protocol: heat stress tests . . . . . . . . 240
5.2.2.4 Preliminary session . . . . . . . . . . . . . . . . . . . . . 244
5.2.2.5 Experimental standardisation . . . . . . . . . . . . . . . 244
5.2.3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245
5.2.3.1 Ambient conditions . . . . . . . . . . . . . . . . . . . . . 245
5.2.3.2 Tissue temperatures . . . . . . . . . . . . . . . . . . . . 245
5.2.3.3 Cardiovascular responses . . . . . . . . . . . . . . . . . 246
5.2.3.4 Sudomotor responses . . . . . . . . . . . . . . . . . . . . 248
5.2.3.5 Oxygen consumption and carbon dioxide production
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
5.2.3.6 Indirectly derived heat production and exchange . . 250
5.2.3.7 Psychophysical measures . . . . . . . . . . . . . . . . . 251
5.2.4 Design and data analysis . . . . . . . . . . . . . . . . . . . . . . . 251
5.3 RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
5.3.1 Subject characteristics . . . . . . . . . . . . . . . . . . . . . . . . . 252
5.3.2 Heat acclimation treatment . . . . . . . . . . . . . . . . . . . . . . 253
5.3.3 Pre- and post-acclimation heat stress tests . . . . . . . . . . . . 255
5.3.3.1 Body temperatures . . . . . . . . . . . . . . . . . . . . . 255
5.3.3.2 Indirectly derived heat production and exchange . . 259
5.3.3.3 Cardiovascular responses . . . . . . . . . . . . . . . . . 259
5.3.3.4 Sudomotor responses . . . . . . . . . . . . . . . . . . . . 264
5.3.3.5 Psychophysical responses . . . . . . . . . . . . . . . . . 267
5.4 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267
xiii

5.4.1 Experimental design considerations . . . . . . . . . . . . . . . . 268
5.4.2 Absolute differences in thermoeffector function following heat
acclimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270
5.4.3 Relative differences in thermoeffector function following heat
acclimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275
5.5 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277
5.6 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278
CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . 287
6.1 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
6.1.1 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . 291
6.2 FUTURE RESEARCH RECOMMENDATIONS . . . . . . . . . . . . . 292
6.2.1 Body morphology and whole-body heat exchange under
compensable exercise conditions eliciting matched heat-loss
requirements across participants . . . . . . . . . . . . . . . . . . 292
6.2.2 The interrelation between morphological configuration and
climate type on thermoeffector function and whole-body heat
exchange . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293
6.2.3 Body morphology and thermoeffector adaptation under thermally
compensable exercise conditions during long-term heat
acclimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295
6.2.4 Body morphology and thermoeffector function during cold
exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
6.3 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 300

xiv

LIST OF FIGURES
Figure 1.1: A control-systems model of temperature regulation. . . . . . . . . . . . . . 7
Figure 1.2: Physical models to illustrate the influences of variations in the thermal
properties and morphology of four prisms (three cubes [A, B, C] and one
rectangular prism [D]) on passive heat loss. . . . . . . . . . . . . . . . . . . . . . .9
Figure 2.1: Schematic representation of the caliper technique for the measurement of
skinfold thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .42
Figure 2.2: Normative probability distribution comprising of the stanine categories
(1-9), the percentage of this normative distribution comprising each category
(4-20%), and the percentiles bordering those categories
(4th-96th percentile). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .46
Figure 2.3: Schematic representation of the skinfold measurement locations. . . . . 49
Figure 2.4: The normative, height-adjusted sum of skinfolds for males (A) and
females (B) aged 25-30 years (after Ward, 1988), and the corresponding
proportional adiposity ratings associated with these values. . . . . . . . . . . . 54
Figure 2.5: Theoretical example of a linear regression relationship between a
physiological (y; arbitrary units) and body size variable (x; arbitrary units)
displaying the zero-ordinate intercept (dashed line) required for ratiometric
scaling (x.y-1) to fully normalise physiological data to body size. . . . . . . . .61
Figure 2.6: Scatter (A) and residual (B) plots for the relationship between dry-heat
loss and body surface area to assess linearity and constant error variance
assumptions, as well as quantile comparison plots for dry-heat loss (C) and
body surface area (D) to assess normality assumptions. . . . . . . . . . . . . . 76
Figure 2.7: Scatter (A) and residual (B) plots to assess linearity and constant error
variance assumptions for the relationship between whole-body sweat rate and
body surface area. To assess normality, a quantile comparison plot for wholebody sweat rate is also presented (C). . . . . . . . . . . . . . . . . . . . . . . . . . 77
Figure 2.8: Scatter (A) and residual (B) plots to assess linearity and constant error
variance assumptions for the relationship between peak oxygen consumption
and body mass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .79
xv

Figure 2.9: Scatter (A) and residual (B) plots for the relationship between peak
oxygen consumption and body mass to assess linearity and constant error
variance assumptions, as well as the quantile comparison plots to assess
normality for peak oxygen consumption (C) and body mass (D). . . . . . . . 80
Figure 2.10: Scatter (A, B) and residual plots (C, D) to assess linearity and constant
error variance for the relationship between whole-body sweat rate and body
surface area within two groups (ten per group) of smaller (open symbols) and
larger individuals (closed symbols). . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Figure 2.11: Quantile comparison plots to assess normality assumptions for body
surface area (A, C) and whole-body sweat rate (C, D) within two groups (ten
per group) of smaller (open symbols) and larger individuals. . . . . . . . . . . 82
Figure 2.12: The relationship between dry-heat loss and body surface area (A), as
well as the corresponding least-squares, linear regression line for this
relationship (solid line) and the regression line obtained if the ordinateintercept is forced through zero (dashed line [ratio line]), as well as the
regression equations and coefficients of determination (r2) for these
regressions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
Figure 2.13: The regression relationships between whole-body sweat rate and body
surface area (A), ratio scaled sweat rate and body surface area (B), as well as
the size-adjusted sweat rate (derived using adjusted regression; Equation 2.3)
and body surface area (C). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Figure 2.14: Between-groups comparison of whole-body sweat rate (A), ratio scaled
whole-body sweating (B) and whole-body sweat rate normalised to body size
using analysis of covariance (C); Equation 2.9). . . . . . . . . . . . . . . . . . .87
Figure 2.15: The regression relationships between whole-body sweat rate and body
surface area (A), ratio scaled sweat rate and body surface area (B), and sizeadjusted sweat rates (analysis of covariance; Equation 2.9) and body surface
area (C). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .88
Figure 2.16: The log-linear regression relationship between logarithmically
transformed peak oxygen consumption (Equation 2.6) and body mass (A), the
power-functional relationship between peak oxygen consumption and body
xvi

mass (B), as well as the relationship between peak oxygen consumption scaled
to body mass raised to the slope of this log-linear relationship (mL.kg-0.87.min1

) and body mass (C). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..90

Figure 2.17: A flow chart (decision tree) for identifying the correct statistical
procedure to produce size-independent physiological data. . . . . . . . . . . . .94
Figure 2.18: Deep-body (A), mean skin (B), mean body temperature (C) and its
change (D) during exercise performed at a fixed, area-specific metabolic heat
production rate (~200 W.m-2) in a warm, dry environment (28oC, 38%
relative humidity) for the smaller (black symbols and lines) and larger subject
groups. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .107
Figure 2.19: Oxygen consumption expressed in absolute terms (A), and standardised
to body mass (B), surface area (C) and specific surface area (D) and presented
for smaller (black symbols and lines) and larger subject groups. . . . . . . . 108
Figure 2.20: Oxygen consumption, expressed as a percentage of peak aerobic power,
and presented for the smaller (black symbols and lines) and larger subject
groups (A) during exercise performed at an area-specific metabolic heat
production rate of ~200 W.m-2 under warm, dry conditions (28oC, 38%
relative humidity). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .109
Figure 2.21: Metabolic heat production expressed in absolute terms (A), per unit
body mass (B), surface area (C) and specific surface area (D). . . . . . . . . 111
Figure 2.22: Metabolic heat production (A) and oxygen consumption (B) scaled to
body mass raised to the exponent 0.67. . . . . . . . . . . . . . . . . . . . . . . . 117
Figure 3.1A: Variations in the mass-specific surface area of participants within this
experiment (N=36), arranged in descending order. . . . . . . . . . . . . . . ..137
Figure 3.1B: Mean body temperature changes during exercise (45 min) performed at
fixed, area-specific metabolic heat-production rates of either ~135 W.m-2
(N=36, light work) or ~200 W.m-2 (N=35, moderate work), following a
resting, thermal equilibration period in a warm-dry environment (28oC; 37%
relative humidity). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .137
Figure 3.2: Metabolic heat production and dry- and evaporative-heat losses (A), as
well as the percentage contribution of these losses to the total heat-loss
xvii

requirement (sum of dry- and evaporative-heat loss; B) for two subjects who
would later participate in this study, with widely differing mass-specific
surface area (S6: 275.8 cm.kg-1, S32: 232.3 cm.kg-1). . . . . . . . . . . . . . .142
Figure 3.3: Relationship between auditory canal (insulated) temperature and
oesophageal temperature during incremental (A; Cotter et al., 1995) and
sinusoidal (B; Todd et al., 2014) exercise forcing functions. . . . . . . . . . .145
Figure 3.4: Illustration of the traditional method (A), and the method used in the
current experiment (B) for positioning the measurement arm above the
heart. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Figure 3.5: Raw data (1-min averages) for the relationship between mean body
temperature and forehead sweat rate for one subject to illustrate the procedures
for determining sudomotor onset and sensitivity. . . . . . . . . . . . . . . . . . 154
Figure 3.6: Modified 13-point thermal sensation scale (A), 5-point thermal discomfort
scale (B) and 15-point scale for assessing ratings of perceived exertion (RPE;
C). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .158
Figure 3.7: Relationships between the mass-specific surface area and forearm
cutaneous blood flow (A) and forearm vascular conductance (B) during light
work. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .165
Figure 3.8: Relationships between the mass-specific surface area and whole-body
sweat rate (A, B), local sweat rate at the dorsal hand (C, D) and forehead (E,
F) during light (open symbols) and moderate work (shaded symbols). . . . .168
Figure 4.1: Variations in the mass-specific surface area (cm2.kg-1) of the male (blue
symbols) and female (red symbols) participants within this experiment. . . .186
Figure 4.2: Mean body temperature changes for the male (blue lines and symbols)
and female (red lines and symbols) subject groups during exercise (45 min)
performed at fixed, area-specific metabolic heat-production rates of either
~135 W.m-2 (light work; open symbols) or ~200 W.m-2 (moderate work;
shaded symbols), following a resting, thermal equilibration period in a
warm-dry environment (28oC; 37% relative humidity). . . . . . . . . . . . . .206
Figure 4.3: Relationships between the specific surface area and forearm blood flow
(A, B), forearm vascular conductance (C, D), cutaneous blood flow (E, F) and
xviii

cutaneous vascular conductance (G, H) during light and moderate work. . 208
Figure 4.4: Relationships between the specific surface area and whole-body sweat rate
(A, B), local sweat rate at the dorsal hand (C, D), forearm (E, F) and forehead
(G, H) during light and moderate work. . . . . . . . . . . . . . . . . . . . . . . .213
Figure 5.1A: Deep-body temperature for the smaller (red lines and symbols) and
larger (blue lines and symbols) groups (N=10 per group) during day five of
heat acclimation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .238
Figure 5.1B: The thermal impulse (product of deep-body temperature change from
baseline and time [at each 15-s interval], summed over the duration [90 min]
of each exposure; Equation 5.1) for the smaller (red bars) and larger (blue
bars) groups during each day of heat acclimation (days 2-9). . . . . . . . . . 238
Figure 5.2: Physiological data throughout the heat acclimation treatment (days 2-9)
for the smaller (open bars) and larger groups (shaded bars; N=10
per group). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
Figure 5.3: Deep-body temperatures (auditory canal) for the smaller (red lines and
symbols) and larger (blue lines and symbols) subject groups (N=10 per group)
during rest (30 min; 40oC; 37% relative humidity), followed by exercise to
elevate and clamp deep-body temperature at 37.5oC (mild hyperthermia; 45
min) then 38.5oC (moderate hyperthermia; 45 min). . . . . . . . . . . . . . . .257
Figure 5.4: Percentage changes in steady-state thermoeffector function following heat
acclimation for the smaller (pink bars) and larger groups (blue bars; N=10 per
group). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263

xix

LIST OF TABLES
Table 1.1: The thermal and physical properties of the four inanimate objects. . . . .10
Table 2.1: Density, thermal conductivity and specific heat capacity of human fat and
muscle tissue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .39
Table 2.2: Body mass, height and skinfold thicknesses for the Ross and Wilson
(1974) Phantom. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .44
Table 2.3: Subject characteristics of the small and large body size groups. . . . . . .47
Table 2.4: The proportional adiposity ratings (stanine categories) for males and
females aged 25-30 years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .51
Table 2.5: Unadjusted and height-adjusted skinfold thickness measures for small and
large males. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .55
Table 2.6: Summary of the statistical approaches for normalising physiological data
(y) to body size (x). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .66
Table 2.7: Descriptive data, and skewness and kurtosis statistics for the
morphological and physiological variables. . . . . . . . . . . . . . . . . . . . . . .69
Table 2.8: Descriptive data, and the skewness and kurtosis statistics for body surface
area and whole-body sweat rate obtained from two subgroups of smaller and
larger individuals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .70
Table 2.9: Physical characteristics of the smaller and larger groups (ten per group).
Data are means with standard deviations in parentheses, and ranges. . . . . 101
Table 3.1: Physical characteristics of the population sample (N=36). Data are means
with standard deviations in parentheses, and ranges. . . . . . . . . . . . . . . .136
Table 3.2: Experimental timeline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
Table 3.3: Physiological and psychophysical responses during two steady-state
exercise intensities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
Table 3.4: Correlation coefficients between the mass-specific surface area and the
indirectly derived heat exchanges, and sudomotor sensitivity during light
(~135 W.m-2; N=36) and moderate exercise (~200 W.m-2; N=35). . . . .163
Table 3.5: Coefficients of determination (r2) and their changes ()r2) for two
regression models used to predict forearm and local cutaneous blood flow and
xx

vascular conductance during light (~135 W.m-2; N=36) and moderate
exercise (~200 W.m-2; N=35). . . . . . . . . . . . . . . . . . . . . . . . . . . . .166
Table 3.6: Coefficients of determination (r2) and their changes ()r2) for two
regression models used to predict sudomotor responses during light (~135
W.m-2; N=36) and moderate exercise (~200 W.m-2; N=35). . . . . . . . . .170
Table 4.1: Physical characteristics of the male (N=36), female (N=24) and combined
sample (N=60). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
Table 4.2: Heat exchanges, body temperatures, cardiovascular and vasomotor
responses during two steady-state exercise intensities. . . . . . . . . . . . . . .202
Table 4.3: Correlation coefficients between the specific surface area and the absolute,
indirectly derived heat exchanges and sudomotor sensitivity during light
(~135 W.m-2; N=36 [males]; N=24 [females]) and moderate (~200 W.m-2;
N=35 [males]; N=22 [females]) moderate exercise (~200 W.m-2; N=35),
following a 20 min resting, thermal equilibration period (28oC; 37% relative
humidity). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
Table 4.4: Resting body temperatures, cardiovascular and vasomotor responses
during the light- (N=36 [males]; N=24 [females]) and moderate-work trials
(N=35 [males]; N=22 [females]). . . . . . . . . . . . . . . . . . . . . . . . . . . 204
Table 4.5: Coefficients of determination (r2) and their changes ()r2) for three
regression models used to predict cutaneous vascular responses during light
(~135 W.m-2; N=60) and moderate exercise (~200 W.m-2; N=57). . . . .210
Table 4.6: Sudomotor and psychophysical responses during two steady-state exercise
intensities. Subjects performed two trials (28oC; 37% relative humidity),
involving either light (~135 W.m-2; N=36 [males]; N=24 [females]) or
moderate (~200 W.m-2; N=35 [males]; N=22 [females]) exercise. . . . . .212
Table 4.7: Coefficients of determination (r2) and their changes ()r2) for three
regression models used to predict sudomotor responses during light (~135
W.m-2; N=60) and moderate exercise (~200 W.m-2; N=57). . . . . . . . . .215
Table 5.1: Physical characteristics of the two (smaller and larger) subject groups
(N=10 per group). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
Table 5.2: Experimental timeline for each heat stress test . . . . . . . . . . . . . . . . 241
xxi

Table 5.3: Body temperatures and heat exchanges for the smaller and larger groups
(N=10 each group) during rest (30 min; 40oC; 37% relative humidity),
followed by exercise eliciting a deep-body temperature of 37.5oC (mild
hyperthermia; 45 min) then 38.5oC (moderate hyperthermia; 45 min) before
(day 1) and after heat acclimation (day 10). . . . . . . . . . . . . . . . . . . . . .258
Table 5.4: Cardiovascular and psychophysical responses for the smaller and larger
groups (N=10 per group) during rest (30 min), followed by exercise eliciting
a deep-body temperature of 37.5oC (mild hyperthermia; 45 min) then 38.5oC
(moderate hyperthermia; 45 min) under hot, dry conditions (40oC; 37%
relative humidity) before (day 1) and after heat acclimation (day 10). . . . .260
Table 5.5: Forearm and local cutaneous vascular responses following heat acclimation
for the smaller and larger groups (N=10 per group) during rest (30 min),
followed by steady-state exercise eliciting a deep-body temperature of 37.5oC
(mild hyperthermia; 45 min) then 38.5oC (moderate hyperthermia; 45 min)
under hot, dry conditions (40oC, 37% relative humidity) before (day 1) and
after heat acclimation (day 10). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262
Table 5.6: Whole-body and local sweat rate for the smaller and larger groups (N=10
per group) during rest (30 min), followed by steady-state exercise at a deepbody temperature of 37.5oC (mild hyperthermia; 45 min) then 38.5oC
(moderate hyperthermia; 45 min) under hot, dry conditions (40oC, 37%
relative humidity) before and after heat acclimation . . . . . . . . . . . . . . . 265
Table 5.7: Sudomotor thresholds and sensitivities, and their percentage changes
following heat adaptation, as well as the mean body temperature change at the
onset of sweating for the smaller and larger groups (N=10 per group). . . .266

xxii

CHAPTER 1: INTRODUCTION
1.1 CONCEPTUAL INTRODUCTION
To maintain a stable internal environment (the milieu intérieur; Bernard,
1879), humans strive to regulate body temperature within a narrow range. This
requires a balance between metabolic heat production and the heat exchanged between
the body and surrounding environment (Gagge and Gonzalez, 1996). These heat
exchanges occur passively, and are also actively driven by behavioural (e.g., clothing)
and autonomic effector mechanisms (vasomotion, sudomotion and thermogenesis;
Werner et al., 2008). In any object, including humans, the rate of heat transfer is
surface area-dependent, whilst one’s body mass and composition will determine heatstorage capacity. Therefore, among individuals with similar composition, heat
exchange and storage are tightly linked to morphological variations in the ratio
between body surface area and mass (specific surface area; Royal Society, 1975).
That ratio is a key determinant of body temperature change during exercise in the heat
(Winslow and Gagge, 1941; Robinson, 1942), and may assist in explaining interindividual and gender-related differences in vasomotor and sudomotor function
(Wyndham et al., 1964; Taylor, 1974; Burse, 1979; Kenney, 1985), and perhaps the
extent of thermoeffector adaptation (Sundstroem, 1927; Burton, 1940; Taylor, 2014).
By examining these thermoeffector responses in a morphologically diverse sample
under thermally compensable exercise conditions, we first aim to identify whether
those responses display a morphological dependancy. Secondly, we aim to determine
if morphological differences between men and women may explain gender-differences
in vasomotor and sudomotor function by examining those responses under similarly
compensable conditions in a physically diverse, mixed-gender population. Finally, we
aim to identify whether morphology may determine the extent of vasomotor and
sudomotor adaptation in larger and smaller individuals by assessing these responses
following heat acclimation. These broad aims formed the emphases of this research.
1.1.1 Biophysics of heat transfer
According to the First Law of Thermodynamics, the thermal energy within any
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open system, including the body, will only remain constant when the energy entering
and exiting that system is equal. Therefore, for body temperature to be stable, body
heat storage (S) must be zero. This requires a balance between metabolic heat
production, which represents the difference between the internal metabolic energy
transformations (M) and heat exchanged from external work (±W), and the
convective (±C), radiative (±R), conductive (±K), evaporative (E) and respiratory
(convective [±Cres] and evaporative [Eres]) heat exchanges occurring between the body
and surrounding environment. A mismatch between the rate of metabolic heat
production and these exchanges will lead to a positive or negative change in heat
storage and a respective increase or decrease in body temperature. This special
application of the First Law of Thermodynamics is described mathematically using the
heat balance equation (Gagge and Gonzalez, 1996; Equation 1.1).
S = M - (±W) - (±C ±R ±K - E ±Cres - Eres) Equation 1.1 [W.m-2]
Since the transfer of thermal energy between the body and the surrounding
environment is surface area-dependent, these heat exchanges are typically expressed
as area normalised values: Watts per square metre of body surface area (W.m-2).
However, it is important to emphasise that area-specific normalisation will only fully
remove the effects of body size when the linear regression relationship between those
data and body surface area passes through the origin (Tanner, 1949; Neville et al.,
1992). This is an important consideration for normalising data collected within the
current series of experiments, and will be discussed in further detail in the next
Chapter (Chapter 2, Section 2.2).
Heat exchange along these pathways can be precisely quantified using direct
calorimetry (Atwater and Rosa, 1899; Benzinger and Kitzinger, 1949; Snellen et al.,
1983; Reardon et al., 2006). However, since these systems are unavailable in most
laboratories, many researchers have turned to partitional calorimetry as an indirect
means of quantifying these exchanges (Winslow et al., 1936; Stolwijk and Hardy,
1966; Bittel and Henane, 1975; Vallerand et al., 1992). This method is used to
estimate heat storage by indirectly deriving each component of the heat balance
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equation (Equation 1.1). Metabolic heat production is estimated using open- or
closed-circuit respirometry, while dry-, evaporative- and respiratory-heat exchanges
are approximated from environmental and physiological data using a series of
mathematical derivations (see Chapter 3, Section 3.2.3.6 for details). The focus of the
next sub-section is to describe each of these components.
1.1.1.1 Metabolic heat production
Metabolic energy transformation (M) represents the rate of chemical and
thermal energy liberated during oxidative metabolism, and can be indirectly derived
from respirometric measures of oxygen consumption, carbon dioxide production and
the energy expended per litre of oxygen consumed in the breakdown of ingested food
(fats, carbohydrates and proteins; Nishi, 1981). Since fats and carbohydrates are the
primary fuel sources during this conversion, and correspond to an energy equivalent
of 19.62 and 21.13 kJ, respectively (Zuntz, 1901), the energy released from ingested
food can be approximated under steady-state conditions from the ratio between carbon
dioxide production and oxygen consumption (respiratory quotient).
However, since humans are relatively inefficient during activity, less than
~20% of the energy from these metabolic processes is utilised to perform external
work (W ; Whipp and Wasserman, 1969), with the remaining energy being stored
within the body. It follows, that internal or metabolic heat production (Hprod) is
quantified as the difference between metabolic energy transformation and external
work (M - [±W]), which can be positive when mechanical work is accomplished
(e.g., cycle ergometry), and also negative when energy is absorbed by the body (e.g.,
walking down hill). For example, since humans are ~25% efficient during cycle
exercise (di Prampero, 2000), an external (positive) work rate of 75 W would
correspond to a metabolic rate of ~300 W and a metabolic heat production rate of
225 W (Hprod = 300 - [+75]). However, since efficiency may differ across
participants (Winslow and Gagge, 1941; Jabbour et al., 2013), it is important to set
(match) the experimental work intensity to a fixed metabolic heat production rate to
ensure the total rate of heat loss required to attain heat balance (total-heat loss
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requirement) is equal across participants. This is a critical design requirement for the
current series of experiments, and will be addressed within the following Chapter
(Chapter 2, Section 2.3).
1.1.1.2 Dry, evaporative and respiratory heat exchange
The sum of conductive (±K), radiative (±R), and convective (±C) heat
exchanges represents the dry-heat transfer occurring between the skin surface and
environment. Heat transfer along these pathways obeys the Second Law of
Thermodynamics, whereby thermal energy flows from regions of higher to lower
temperature. Subsequently, dry-heat exchanges are bi-directional, with dry-heat
dissipation occurring when a positive thermal gradient exists between the skin surface
and surrounding environment, whilst dry-heat gain takes place when there is a
negative thermal gradient. Conductive heat transfer occurs through contact between
the body and another medium, and is determined by the body surface area, thermal
gradient and the thermal conductivity of both the body and the surrounding medium.
Nevertheless, conduction is considered negligible in most studies (Kenny and Jay,
2013), since ambient air has a low thermal conductivity (~0.026 W.m-1.K-1 at 23oC)
and the skin surface in contact with a more conductive medium typically represents a
small portion of the body surface (e.g., ergometer seat and pedals). In certain
circumstances (e.g., water immersion), however, conduction can form a large
component of heat exchange (Toner et al., 1986). Radiative heat transfer occurs
through electro-magnetic waves travelling between the surrounding environment and
the skin surface (e.g., solar radiation), and is determined by the thermal gradient
between the body and surrounding radiant heat source, emissivity from the skin
surface and effective radiative skin surface area (Gagge and Gonzalez, 1996).
Convection represents the heat transfer during the movement of a medium (e.g., air or
water) across the body surface (absolute or relative), and is also dependent on body
surface area and the thermal gradient between the skin surface and that medium, as
well as the velocity that medium moves across the skin (Nishi, 1981).
When the ambient temperature exceeds the mean skin temperature, promoting
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dry-heat gain, the evaporation of sweat forms the primary avenue for heat dissipation.
Evaporative heat transfer also follows the Second Law of Thermodynamics, with the
rate of sweat evaporation being determined by the water-vapour pressure gradient1
between the skin and the ambient air, as well as the skin temperature and airflow
across the skin (Nishi, 1981; Gagge and Gonzalez, 1996). Since each gram of sweat
vaporised from the skin surface releases ~2.426 kJ of heat to the surrounding
environment (Wenger, 1972)2, the rate of evaporative heat loss can be approximated
from measurements of whole-body sweat loss obtained from gross mass changes
(corrected for fluid intake, urine production, as well as respiratory and metabolic
mass losses) measured at time points during data collection or continuously (e.g.,
ergometer mounted on a weighing scale; Krogh and Trolle, 1936). To perform such
corrections, fluid intake and urine production are directly weighed, while respiratory
and metabolic mass losses are approximated indirectly (Kenny and Jay, 2013).
Respiratory mass losses typically equal 2-5 g.min-1 during moderate exercise in a dry
environment (Mitchell et al., 1972), and are derived from the metabolic heat
production rate and the absolute air humidity (Fanger, 1972), while metabolic mass
losses are estimated from the rate of oxygen consumption and the respiratory
exchange ratio (Gagge and Gonzalez, 1996). However, sweat secretion exceeding the
maximal capacity for evaporation in a given environment (Emax; Belding and Hatch,
1955) will result in non-evaporated (dripped) sweat. For precise measurements of
evaporative-heat loss under such conditions, dripped sweat must be captured (e.g., oil
tray below subject; Candas et al., 1979), weighed, and subtracted from the wholebody sweat losses.
Convective- and evaporative-heat losses can also occur from the respiratory
tract. During inspiration, heat is transferred convectively between the lungs and the
surrounding environment along a thermal gradient (bi-directional). Evaporative-heat
1
Evaporative-heat transfer is also bi-directional. In instances where the relative humidity of the environment approaches 100%
(e.g., steam bath), the water-vapour pressure gradient between the skin surface and surrounding environment can be negative,
and the body gains thermal energy as humidified air condenses on the skin surface (Gagge and Nishi, 1977).
2

Although sweat contains water and various salts (sodium, potassium, calcium, magnesium), the latent heat of sweat
evaporation (~2.426 kJ; Wenger, 1972) has been shown to be consistent with the heat released during the vaporisation of
water (2.426 kJ at 30oC; Marsh, 1987).
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dissipation also occurs during respiration when inspired air is saturated inside the
lungs. Therefore, convective and evaporative exchanges from the respiratory tract are
dependent on the thermal and water-vapour pressure gradients between the inspired
air and the lungs, the ventilation rate and also the surface area of the lungs (diffusive
area in contact with inspired air). Whilst respiratory heat losses form a large
component of the total heat loss in animals devoid of eccrine sweat glands, such losses
contribute minimally to heat balance in most instances among humans.
Since the focus of this project is heat loss, and since evaporation is the primary
avenue for those losses in humans, the heat balance equation (Equation 1.1) can be
used to calculate the rate of evaporation required to maintain heat balance (Ereq). This
is achieved by subtracting the metabolic heat production rate from the sum of the dryand respiratory-heat exchanges. That requirement has been thought to influence
sudomotor activity for some time (Nielsen, 1938), and has recently been shown to
determine the rate of whole-body sweating in conditions permitting full evaporation
(Gagnon et al., 2013). Therefore, to evaluate the effects of body morphology on
whole-body sudomotor function in the current series of experiments, it was also
essential to ensure the rate of evaporative heat-loss required to attain heat balance was
fixed across subjects. The steps taken to ensure this design requirement was satisfied
are described in the next Chapter (Chapter 2, Section 2.3).
1.1.2 Body temperature regulation: a control systems approach
Whilst the heat balance equation provides a basic model to describe heat
storage and exchange, the regulation of body temperature in the presence of various
host factors (e.g., heat exposure) is best described using a control-systems model
comprising of passive and active sub-systems (Werner et al., 2008; Figure 1.1). The
former sub-system is of particular importance to this project, and represents the body
as a passive structure that exchanges energy with the environment according to the
Second Law of Thermodynamics and the body’s physical characteristics (body mass,
composition, surface area and morphological configuration). The active or controlling
system represents a control loop with negative feedback that comprises of
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Figure 1.1 A control-systems model of temperature regulation in humans including
the active and passive sub-systems (from Werner et al., 2008).
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thermoreceptors, an integration centre and thermoeffector mechanisms that alter heat
production and exchange. In the following sub-sections, these systems will be
described with emphases on the physical factors that influence passive heat exchange
and storage, and of those factors, the key focus will be on the morphological
dependency of passive heat dissipation.
1.1.2.1 The passive sub-system
The passive system is used to describe the body as if it was an open
thermodynamic system that does not participate in thermogenic nor thermolytic
processes, and exchanges thermal energy with the surrounding environment along
temperature and water-vapour pressure gradients. Therefore, under fixed
environmental conditions, individual variations in body composition, mass, surface
area and specific surface area will determine the rate of heat exchange. To illustrate
these biophysical principles and critical concepts, but without the complications of
considering the body’s heterogeneous tissue composition, four simple physical models
(prisms; Figure 1.2) were created (three cubes [A, B, C] and a rectangular prism
[D]), each with a uniform, but sometimes different, composition (Taylor and Notley,
2016). Each prism was initially heated to a uniform central temperature (stirred water
bath: 40oC) and then passively cooled (stirred water bath: 20oC). The resulting
observations provide a foundation for discussing the possible association between
morphological differences in the specific surface area and the autonomic heat-loss
responses in the following sections.
Heat loss from the centre of two prisms of equal size and shape is a function of
the density, specific heat capacity and thermal conductivity of the materials within
each object. This principle is illustrated in Figure 1.2, using cubes of equal volume (A
and B), but made from materials with different thermal properties (beeswax and
plasticine, respectively; Table 1.1). Those properties differed in much the same way
as human adipose (beeswax) and muscle tissues (plasticine). Over the highlighted
cooling (grey) zones, Cube A cooled at 0.90oC.min-1, whilst Cube B (denser, more
thermally conductive, lower specific heat capacity) cooled at 1.53oC.min-1. This
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Figure 1.2: Physical models to illustrate the influences of variations in the thermal
properties and morphology of four prisms (three cubes [A, B, C] and one rectangular
prism [D]) on passive heat loss. These details are contained in Table 1.2. Each prism
was first heated in a stirred water bath (40oC) to a common central (core) temperature,
and then cooled (time zero) in a second water bath (20oC). The grey highlighted zones
define prism cooling rates over a 5oC temperature range (30o to 25oC). From Taylor
and Notley (2016).
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Table 1.1: The thermal and physical properties of the four inanimate objects used to
illustrate the physical characteristics that alter passive heat exchanges in Figure 1.2.
From Taylor and Notley (2016).
Physical properties of objects

Inanimate objects
A

B

C

D

Cube

Cube

Cube

Prism

Material

Beeswax

Plasticine

Beeswax

Beeswax

Mass (g)

61

107

207

207

Density (kg.m-3)

960

1678

960

960

Thermal conductivity (W.m-1.oC-1)

0.35

0.65

0.35

0.35

Specific heat capacity (J.kg-1.oC-1)

3200

1354

3200

3200

Length (cm)

4

4

6

3

Width (cm)

4

4

6

6

Height (cm)

4

4

6

12

Surface area (cm2)

96

96

216

252

Volume (cm3)

64

64

216

216

1.57

0.90

1.04

1.22

Geometric shape

Specific surface area (cm2.g-1)

Note: Thermal properties for beeswax and plasticine (at ~25oC) were obtained from
the literature (Washburn, 1927; Eckerson et al., 2008; Gaillard et al., 2013).
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first-principles example illustrates how wide individual differences in body
composition may alter heat exchange and storage in objects having matched
dimensions. For instance, since the specific heat capacity of muscle is greater than
adipose (2348 and 3421 J.kg-1.oC-1, respectively; Hasgall et al., 2015), heat-storage
capacity will be lower in those individuals with a relatively higher proportion of
adipose tissue. Similarly, because the thermal conductivity of muscle is greater than
adipose (0.49 and 0.21 W.m-1.oC-1, respectively Hasgall et al., 2015), the rate of
conductive heat transfer from the core to the skin to facilitate convective and radiative
heat dissipation will also be lower in those persons. Whilst the influence of body
composition on thermoregulatory function was not the central focus of this project,
this example highlights the importance of minimising inter-individual differences in
adiposity to independently evaluate the possible morphological dependency of the
autonomic heat-loss responses in the current series experiments, and this important
design consideration will be addressed in the next Chapter (Chapter 2, Section 2.1).
In objects with similar body composition, heat-storage capacity becomes a
function of volume (mass), while heat exchange is surface-area dependent. Therefore,
the ratio between body surface and mass (or specific surface area) will determine heat
storage and exchange. This principle can be illustrated by comparing two prisms of
identical shape and composition (Cubes A and C; Figure 1.2), but of different volume
(Table 1.1). Since Cube C was larger, with each of its lengths increased to be 50%
greater than Cube A, producing a 238% increase in volume, but only a 125%
elevation in surface area, the larger Cube C had a 34% smaller specific surface area
than Cube A. Subsequently, the cooling rate over the highlighted zone of Figure 1.2
(0.90 versus 0.42oC.min-1) for Cube C was much slower than Cube A. It follows, that
when a thermal gradient exists for heat loss, a smaller individual with a higher
specific surface area will dissipate more heat per unit mass than a larger individual of
the same shape, and this highlights the importance of body morphology on heat
exchange.
These first principles become particularly important for allometric
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(geometrically dissimilar) structures, such as humans, who may be of similar body
mass, but possess morphological differences that result in variations in specific surface
area. For example, a tall and slender individual will possess a higher specific surface
area relative to a shorter and broader person of equal body mass. A simplified
treatment of this association is also illustrated in Figure 1.2, in which heat loss from a
cube and a rectangular prism were compared. Both objects had identical thermal
properties (beeswax) and volumes (Table 1.1), but they differed in specific surface
area (Cube C: 1.04 cm2.g-1; Prism D: 1.22 cm2.g-1). As such, the rectangular prism
lost heat more rapidly over the highlighted zone (Figure 1.2: 0.42 versus
0.44oC.min-1), attaining its terminal steady state approximately 10 min earlier. From
this example, it is evident that individuals with small and slender physiques, and a
higher specific surface area, will passively gain and dissipate heat more readily
relative to larger individuals.
1.1.2.2 The active sub-system
Thermoreceptors, which are located in the skin and throughout deep-body
structures (Hellon, 1972; Hensel, 1974; Jessen, 1981), contain a high density of
thermally sensitive neurons that detect changes in the thermal status of the passive
system (Hensel and Zotterman, 1951; Pierau, 1996; Werner et al., 2008).
Thermoafferent feedback from these receptors is then monitored and integrated in the
central nervous system (preoptic posterior and anterior hypothalamus; Boulant, 1981).
If a sufficient deviation of this integrated feedback is detected (Jessen, 1996), which is
often represented as the weighted summation of the mean skin and deep-body
temperatures (Hardy and Dubois, 1938), one or more mechanisms are activated to
restore heat balance (Hellon, 1972; Werner et al., 2008). These include behavioural
changes (e.g., clothing, climate control) and autonomic or thermoeffector functions
(vasomotion, sudomotion and thermogenesis). During cold exposure, where the rate
of heat loss exceeds metabolic heat production, a decrease in the mean body
temperature activates reflex cutaneous vasoconstriction and shivering thermogenesis to
reduce heat loss and increase heat production, respectively. Conversely, an increase in
heat storage and mean body temperature during muscular work in the heat will
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activate both cutaneous vasodilatation and sweat secretion to increase heat dissipation;
these vasomotor and sudomotor functions are of primary interest to this project, and a
central focus is to seek evidence consistent with the possibility that these responses
may also be related to the morphological characteristics of each individual.
1.1.3 Thermoeffector function during exercise in the heat
At the onset of exercise, metabolic heat production increases rapidly without a
concomitant increase in heat dissipation, causing a positive change in heat storage and
a rise in the mean body temperature (Gagge and Gonzalez, 1996; Kenny and Jay,
2013). Central and peripheral theremoreceptors detect this change (Hellon, 1972;
Hensel, 1974; Simon et al., 1986; Jessen, 1996) and relay that thermoafferent
information to the preoptic anterior hypothalamus (Boulant, 1981), with the extent of
the subsequent vasomotor and sudomotor activation being proportional to the
magnitude and rate of body temperature change (Savard et al., 1985; Olschewski and
Brück, 1988; Boulant, 1996). Under thermally compensable exercise conditions, that
permit both dry- and evaporative-heat losses, these effector mechanisms can satisfy
the heat loss required to attain heat balance. In such conditions, heat storage will
return to zero and body temperature will stabilise following ~30-60 min of
continuous exercise (Kenny et al., 2008; Kenny and Jay, 2013). However, in hot,
humid environments that promote dry-heat gain and lower the cutaneous water-vapour
pressure gradient for sweat evaporation, the rate of evaporative-heat loss required to
maintain heat balance (Ereq) can often either exceed the body’s physiological capacity
to dissipate heat, or the maximal rate of evaporation possible (Emax) in the surrounding
environment (Ereq>Emax; Belding and Hatch, 1955). In these uncompensable states,
heat storage and body temperature will continue to rise as exercise progresses. In the
current series of experiments, the focus was on compensable exercise conditions
(Ereq<Emax).
1.1.3.1 Cutaneous vasodilatation
Following the initial sympathetic vasoconstriction at the onset of exercise
(Johnson, 1986; Kenney and Johnson, 1992), cutaneous vasodilatation occurs in
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response to increases in both deep-body and skin temperature (Kellogg, 2006; Johnson
et al., 2014). In glabrous skin (e.g., lips, nose, ears), noradrenergic vasoconstrictor
tone is passively released to elevate skin blood flow as the mean body temperature
increases (Roddie, 1983), whilst in non-glabrous (hairy) skin, blood flow is also
increased through the activation of an active vasodilatory system (Roddie et al., 1957;
Kenney and Johnson, 1992; Roddie, 2003). These elevations in skin blood flow
facilitate the convective transfer of heat from deep-body structures to the skin surface
to promote dry-heat loss when the skin temperature exceeds the ambient temperature
(Rowell, 1974), and to buffer dry-heat gains and increase the cutaneous water-vapour
pressure gradient for evaporation in hotter environments (Gisolfi and Wenger, 1984).
However, as work rate increases, the rising demand for oxygen delivery to the
exercising musculature reduces the cardiac output available to support further
increases in skin blood flow (Shepherd, 1967; Rowell, 1974; Kenney et al., 2014). In
such conditions, cutaneous blood flow is preferentially reduced to regulate blood
pressure and support oxygen delivery (Johnson and Rowell, 1975; Brengelmann et
al., 1977; Johnson, 1979), and the evaporation of sweat secreted onto the skin surface
forms the greater component of the heat loss (Wyndham, 1973; Berglund and
Gonzalez, 1977).
1.1.3.2 Eccrine sweating
Thermal sweating originates from ~2.03 million eccrine sweat glands
dispersed heterogeneously over nearly all skin surfaces (Taylor and MachadoMoreira, 2013), which are activated in response to changes in deep-body (Nadel et
al., 1971a), skin (Nadel et al., 1971b) and muscle temperatures (Todd et al., 2014).
Efferent flow along sympathetic cholinergic fibres stimulates the sweat gland, and
thereby, modulates secretion rate (Chalmers and Keele, 1952; Sato and Sato, 1983;
Taylor and Machado-Moreira, 2013). Whilst the total number of heat-activated sweat
glands is thought by some to be similar across individuals (Kuno, 1956), with that
quantity being determined within the first three years of life (Kawahata, 1950; Szabo,
1962), the intra-individual variations in gland density and secretion rate are extensive
(Hertzman et al., 1952; Taylor and Machado-Moreira, 2013). Nevertheless, the
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whole-body sweat rate, which represents the integrated sweating rate from all heatactivated glands, is the primary determinant of the potential for evaporative-heat loss.
1.1.3.3 Inter-individual variations in vasomotor and sudomotor function
In addition to thermal stimuli, both vasomotor and sudomotor activity are
modulated by non-thermal stimuli (Mekjavic and Eiken, 2006; Kenny and Journeay,
2009), as well as various phenotypic (Vroman et al., 1983; Kenney and Munce, 2003;
Gagnon and Kenny, 2012) and genotypic factors (Jørgansen et al., 2003; Walpole et
al., 2009). Whilst our ability to explain inter-individual variations in these
thermoeffector responses is extensive (Sawka et al., 1996; Taylor and
Machado-Moreira, 2013; Johnson et al., 2014; Taylor, 2014), few have considered
the possibility that the morphological factors that determine passive heat exchange and
storage (Section 1.1.2.1) may also influence vasomotor and sudomotor function
(Wyndham et al., 1964; Taylor, 1974). That is, we know very little about how these
autonomic mechanisms may be linked to, or dependent upon, morphological
variations in the specific surface area. Nonetheless, this information must represent a
foundation for interpreting heat-loss responses in physically heterogeneous groups
(e.g., men and women; Burse, 1979; Kenney, 1985), and perhaps also for some
aspects of adaptation physiology (Sundstroem, 1937; Burton, 1940; Taylor, 2014).
Therefore, the central focus of this project was to evaluate the possibility that
vasomotor and sudomotor functions will share a morphological dependency in men
and women, and may also influence the preferential reliance upon these functions
following heat acclimation.
1.2 AIMS AND HYPOTHESES
The key objectives of the current project were to determine whether or not
morphological variations in the specific surface area may assist in explaining
inter-individual variations in vasomotor and sudomotor function, to identify if that
ratio may explain gender differences in these responses, and to determine whether
one’s morphological configuration may influence thermoeffector adaptation. In this
regard, three experiments were designed to address these aims.
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The purpose of the first experiment was to identify to what extent differences
in morphology may help to explain the relative contributions of vasomotor and
sudomotor function to total heat loss, by examining these thermoeffector responses in
a morphologically diverse population under compensable exercise conditions. The
second study was an extension of the first, and was aimed at determining whether or
not morphological variations between men and women may explain gender differences
in these thermoeffector functions under similarly compensable exercise conditions.
The final experiment was designed to evaluate the possibility that morphological
variations in the specific surface area may also have some bearing on vasomotor and
sudomotor adaptation, by assessing these responses prior to, and following, heat
acclimation.
1.2.1 The morphological dependency of vasomotor and sudomotor function
For inanimate objects with similar thermal properties, the mass-specific
surface area is the principal determinant of passive heat flux (Section 1.1.3; Figure
1.2). This biophysical principle also relates to allometric structures, including
humans, and it has long been thought to explain why smaller animals (higher specific
surface area) tend to reside in hotter climates (Bergmann, 1847; Allen, 1877; Roberts,
1953). More recently, that ratio has also been recognised as a key determinant of
body temperature change during both cold (Toner et al., 1986; Anderson, 1999;
Friesen et al., 2014) and heat exposure (Shvartz et al., 1973; Epstein et al., 1983;
Docherty et al., 1986; Hayward et al., 1986; Havenith, 2001). Surprisingly,
however, few studies have considered whether one’s morphological configuration may
have some bearing on the extent of thermoeffector activation during exercise in the
heat (Havenith and van Middendorp, 1990; Havenith et al., 1995; Cramer and Jay,
2014; Cramer and Jay, 2015). This information is fundamental for explaining interindividual variations in thermoeffector responses in physically heterogenous
populations, and may provide a foundation for understanding genetic determinants of
thermoregulatory function.
Smaller individuals will possess a higher specific surface area and a
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morphological configuration that allows greater dry-loss per unit mass when the
ambient temperature is below the skin temperature (Bar-Or et al., 1969; Rowland,
2008). Therefore, in thermally compensable environments that permit both dry- and
evaporative-heat loss, such people may be able to rely more heavily on vasomotor
mediated dry-heat exchanges to regulate body temperature during exercise in the heat.
Conversely, larger individuals with a lower specific surface area and less surface area
per unit mass for dry-heat loss, but also greater fluid stores per unit surface area with
which to support sweat secretion (Watson et al., 1980), may be forced to rely more
heavily on the sweating mechanism under such conditions. Whilst this hypothesis has
both ecological (Bergmann, 1847; Allen, 1877) and teleological appeal (Wyndham et
al., 1964; Taylor, 1974; Docherty et al., 1986), no study, to the best of our
understanding, has been adequately designed to evaluate this possibility.
Although several investigators have compared vasomotor (Havenith and van
Middendorp, 1990; Falk et al., 1992; Havenith et al., 1995) and sudomotor function
(Shvartz et al., 1973; Epstein et al., 1983) in morphologically diverse groups, all
individuals within those investigations performed exercise at either fixed absolute
work rates or at percentages of each participant’s peak aerobic power. Unfortunately,
the former standardisation increases both the body temperature change and the extent
of thermoeffector activation in larger individuals (Gagnon et al., 2009), while the
latter increases the body temperature change in participants with a higher peak aerobic
power (Gagnon et al., 2008; Jay et al., 2011). Thus, neither of those strategies
imposed equivalent thermal loads or effector drive across all subjects. Moreover,
those investigations involved heterogeneous samples who not only differed in body
size, but also in other factors (e.g., age and adiposity) that may independently
modulate effector function. Whilst one group has recently compared the sweating
response in smaller and larger individuals matched for some of these secondary
factors during exercise conditions eliciting similar body temperatures (Cramer and
Jay, 2014), that project did not incorporate cutaneous vasomotor function, nor did it
involve individuals spanning the body size range required to fully elucidate the
morphological dependency of sudomotor function. Moreover, neither that study
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(Cramer and Jay, 2014), nor its recent iteration (Cramer and Jay, 2015), were
suitably designed to provide an unequivocal assessment of the relationship between
body morphology and these heat-loss responses.
Therefore, the purpose of the first phase of this research was to identify to
what extent differences in morphology may help to explain the relative contributions
of vasomotor and sudomotor function to total heat loss. For this experiment, the
following hypotheses were tested:
Hypothesis one: When exercising in compensable conditions, participants with a
greater specific surface area would depend more upon the vascular mechanism
(convective heat delivery) for heat loss whilst concurrently being less dependent on
the sweating mechanism.
Hypothesis two: This morphological dependency would permit a significant
proportion of individual vasomotor and sudomotor variances to be explained simply
on the basis of individual differences in specific surface area.
To test these hypotheses, both cutaneous vascular and sweating responses were
simultaneously evaluated in individuals spanning a wide, and even distribution, of
body sizes, but with similar characteristics for other factors known to influence heat
exchange and storage (age, adiposity, endurance fitness, heat adaptation), during
exercise at two fixed, area-specific metabolic heat production rates in warm, dry
conditions (permitting dry-and evaporative-heat loss; 28oC; 37% relative humidity).
Non-weight bearing exercise (cycling) was used to minimise differences in heat
production associated with variations in the supported body mass, while exercise was
performed at fixed, surface area-specific work rates to ensure that all subjects were
required to dissipate heat in proportion to their surface area to maintain heat balance.
This novel standardisation ensured that steady-state body temperatures were matched
and clamped across subjects, so that vasomotor and sudomotor function could be
quantified in the presence of equivalent thermoafferent drive (Jessen, 1981; Gordon et
al., 2004; Cotter and Taylor, 2005). One lighter work rate was chosen, in
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combination with the ambient conditions, to elicit a state where dry-heat loss could
largely satisfy the total heat-loss requirement, while the second (moderate) intensity
was aimed at replicating conditions in which evaporative cooling would be dominant.
Thus, if either thermoeffector response was morphologically related, this design
would allow for the expression of that association to be identified.
1.2.2 The interrelation between morphology and gender on vasomotor and
sudomotor function
Gender differences in vasomotor and sudomotor activity during heat exposure
are often thought to be due to physiological differences between males and females
(Wyndham et al., 1965; Morimoto et al., 1967; Weinman et al., 1967; Bittel and
Henane, 1975; Gagnon et al., 2011; Gagnon and Kenny, 2012). However, others
have suggested that variance may be explained simply by morphological differences
between the male and female subject groups studied (Nunneley, 1977; Burse, 1979;
Kenney, 1985). Since females are generally smaller in size, they possess a
morphological configuration that is better suited to dry-heat dissipation when the
temperature of the skin is greater than the ambient temperature, and therefore, may be
able to rely more on increasing cutaneous blood flow and less on the sweating
mechanism to maintain heat balance. This may also apply to males of identical
dimensions. On the other hand, males are typically larger and possess a lower specific
surface area for dry-heat loss, and thus, may be forced to depend more on sweating.
Indeed, under compensable exercise conditions, it is possible that this morphological
dependency may explain, perhaps solely, gender differences in these thermoeffector
responses among physically diverse, mixed-gender populations. However, due to
methodological limitations in previous research, we only possess partial knowledge on
the interrelation between body morphology and gender.
Several studies have examined these thermoeffector responses in men and
women of differing body size (Havenith and van Middendorp, 1990; Havenith et al.,
1995; Havenith et al., 1998; del Coso et al., 2011). However, the female participants
in those studies did not span the body-size range required to fully evaluate the possible
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morphological dependency of these responses. Those individuals also differed
considerably from the male subject group in other factors that may modulate
thermoeffector functions (e.g., adiposity, fitness). Furthermore, all participants in
those experiments performed exercise at either fixed absolute or relative work rates,
which increased the magnitude of body temperature change and thermoeffector
activation in the male subject group who were typically larger and possessed a higher
peak aerobic power (Gagnon et al., 2008; Gagnon et al., 2009; Jay, 2014). Indeed, to
evaluate the interrelation between morphology and gender, it is necessary to examine
both cutaneous vascular and sweating responses during exercise conditions eliciting an
equivalent mean body temperature change, and therefore, thermoafferent flow across
participants (Jessen, 1981; Gordon et al., 2004; Cotter and Taylor, 2005). To the best
of our knowledge, however, no study has evaluated these heat-loss responses in both
males and females spanning a wide and even distribution of body sizes using this
design. Consequently, it remains uncertain, whether or not size-independent, gender
differences in vasomotor and sudomotor function exist.
Accordingly, the purpose of the next phase of this research was to determine
whether or not morphological variations between men and women can explain gender
differences in thermoeffector function. This experiment was designed to test three
hypotheses:
Hypothesis three: When exercising under compensable conditions, the absolute
cutaneous vascular and sudomotor responses of males and females would differ
significantly.
Hypothesis four: In both males and females, participants with a higher specific
surface area would rely more upon cutaneous vascular responses for heat loss, whilst
also being less dependent on sudomotor responses.
Hypothesis five: Gender-differences in vasomotor and sudomotor function would not
be gender dependent, but morphologically dependent, and therefore, morphologically
related.
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To evaluate these hypotheses, cutaneous vascular and sweating responses were
examined simultaneously in both male and female subjects spanning an extensive
body-size range, whilst controlling for individual differences in the other
characteristics that may independently influence thermoeffector activation (e.g., age,
adiposity, aerobic fitness, heat adaptation). Subjects performed the same two
experimental trials as investigation one, which involved two levels of compensable,
steady-state exercise performed at fixed, area-specific metabolic heat production in
warm, dry conditions (28oC; 36% relative humidity). These exercise conditions were
also designed to elicit a matched and clamped body temperature change across both
male and female subjects, so that these thermoeffector responses could be quantified
in the presence of equivalent thermoafferent flow.
1.2.3 The influence of morphology on vasomotor and sudomotor adaptation
during heat acclimation
Cutaneous vascular and sweating responses are also modulated by the
physiological adaptations associated with both natural (acclimatisation) and artificially
induced (acclimation) heat adaptation. Whilst the mechanisms surrounding these
thermoregulatory improvements are well known (Eijkman, 1924; Fox et al., 1963;
Wyndham, 1969; Sawka et al., 1996; Taylor, 2014; Poirier et al., 2015), we possess
a poor understanding of the individual factors that explain inter-individual variations
in the magnitude of vasomotor and sudomotor adaptation (Pandolf et al., 1977;
Wagner et al., 1972; Anderson and Kenney, 1987; Armstrong and Maresh, 1991;
Pandolf et al., 1991; Cheung and McLellan, 1998). However, given that passive heat
exchange in any object, including humans, is determined by morphological
differences in specific surface area (Section 1.1.2.1), and the autonomic effector
responses that drive those heat exchanges may be morphologically related (Sections
1.2.1 and 1.2.2), it is possible that ratio may also have some bearing on the extent of
thermoeffector adaptation.
Since evolution tends to follow the path of least resistance, with structures or
functions adapting to the environment according to the mechanism that will provide
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the greatest benefit at the lowest cost, individual differences in vasomotor and
sudomotor responses following heat adaptation could be due to each person
developing their most energy-efficient means for heat exchange according to their
morphological configuration. That is, smaller individuals with a higher specific
surface area, who may rely more heavily on vasomotor function and less on the
sweating mechanism to maintain heat balance, might preferentially develop the
cutaneous vascular response, resulting in the conservation of a limited fluid reserve.
Conversely, sudomotor function may be preferentially adapted in larger individuals
with a lower specific surface area for heat exchange, who may be forced to depend
more on sweat secretion. Whilst several physiologists have speculated that vasomotor
and sudomotor adaptations may display a body-size dependency (Sundstroem, 1927;
Burton, 1940; Taylor, 2014), no study, to the best of our knowledge, has attempted to
investigate this possibility.
Therefore, the aim of the final experiment was to identify whether or not
individual differences in vasomotor and sudomotor adaptation may be explained, at
least in part, by morphological differences in specific surface area. Accordingly, it
was hypothesised that:
Hypothesis six: Vasomotor and sudomotor responses would be significantly improved
following heat acclimation, however, the vascular mechanism (convective heat
delivery) would reveal a preferential enhancement relative to sudomotor adaptation in
those individuals with a higher specific surface area, whilst the sudomotor mechanism
would be preferentially adapted within individuals with a lower specific surface area.
To test this possibility, both vasomotor and sudomotor functions were assessed
prior to, and following, heat acclimation in two groups of males that differed
significantly in specific surface area, but who were matched for age, adiposity,
aerobic fitness and pre-experimental heat adaptation state, during steady-state exercise
eliciting two matched and clamped deep-body temperatures (37.5oC and 38.5oC) in a
hot, dry environment (40oC, 37% relative humidity). This design not only ensured
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that the other individual factors that may influence vasomotor and sudomotor
adaptation were minimised, but also made it possible to quantify these thermoeffector
adaptations in the presence of equivalent thermoafferent flow. To induce physiological
adaptations during the treatment phase, subjects performed exercise to rapidly elevate
and clamp deep-body temperature at a fixed level (38.5oC) for 90 min on nine
consecutive days. This controlled hyperthermia regimen (Fox et al., 1963; Regan et
al., 1996; Patterson et al., 2004), ensured that each individual was exposed to a
constantly increasing, yet matched, physiological overload as adaptation progressed.
1.3 SUMMARY OF EXPERIMENTS AND CHAPTER CONTENT
These experiments are presented separately in Chapters Three, Four and Five.
However, prior to undertaking any experimental work, it was necessary to identify the
most appropriate indirect method for approximating adiposity in physically diverse
populations, to determine the correct statistical procedures for normalising sizedependent physiological data and also to identify how best to standardise work
intensity to elicit an equivalent body temperature change in morphologically divergent
subject groups. These considerations were addressed in three preliminary
investigations that are presented as separate sections in Chapter Two (Sections 2.12.3). In the first experimental chapter (Chapter Three), the possible morphological
dependency of vasomotor and sudomotor function was evaluated under compensable
exercise conditions among individuals spanning a wide body-size range. This work
was extended in Chapter Four, in which the interrelation between body morphology
and gender on these thermoeffector responses was examined in a morphologically
diverse sample of both men and women under the same conditions. In Chapter Five,
the possible influence of morphology on vasomotor and sudomotor adaptation was
evaluated in morphologically divergent subject groups during heat acclimation. The
outcomes from these experiments are concluded in the final Chapter of this series
(Chapter Six), along with recommendations for future research.
1.3.1 Published works
At the time this dissertation was submitted for examination, the following
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contributions from this project were published, in press or under review.
Notley, S.R., Park, J., Tagami, K., Ohnishi, N., Kenny, G.P., and Taylor, N.A.S.
(2014). An interaction of morphology in the modulation of evaporative heat
loss during exercise. Proceedings of the Australian Physiological Society.
45:75P.
Notley, S.R., Park, J., Tagami, K., Ohnishi, N., and Taylor, N.A.S. (2015).
Individual differences in thermoeffector function in the heat: morphological
variations help determine effector activation. Extreme Physiology and
Medicine. 4(Suppl. 1):A102.
Notley, S.R., Park, J., Tagami, K., Ohnishi, N., and Taylor, N.A.S. (2015). Can
variations in body morphology explain gender-related differences in heat loss?
Proceedings of the Australian Physiological Society. 46:57P.
Notley, S.R., Park, J., Tagami, K., Ohnishi, N., and Taylor, N.A.S. (2016).
Morphological dependency of cutaneous blood flow and sweating during
compensable heat stress when heat-loss requirements are matched across
participants. Journal of Applied Physiology. 121:25-35.
Taylor, N.A.S., and Notley, S.R. (2016). Anatomical and physiological
considerations for the modelling of heat loss in humans. In: Shrivastava, D.
(Editor). Theory and application of heat transfer in cells and organs. John
Wiley & Sons. Invited Book Chapter. ISBN: 9781119127307. In press.
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CHAPTER 2: PRELIMINARY CONSIDERATIONS ON ASSESSING BODY
ADIPOSITY, NORMALISING PHYSIOLOGICAL RESPONSES AND
STANDARDISING WORK INTENSITY
The central focus of this project was to identify the relative contribution of
body morphology to heat-loss responses. However, before undertaking any
experimental work, it was necessary to address three key issues. Since heat-loss
responses may be influenced independently by individual variations in adiposity, it
was essential to restrict subject selection to include only those individuals possessing
minimal adiposity. Therefore, the focus of the first preliminary investigation (Section
2.1) was to identify the most appropriate laboratory-based method for approximating
adiposity in morphologically diverse populations. To perform unbiased comparisons
of size-dependent physiological data in such populations, it is also necessary to
normalise these data to body size. Accordingly, identifying the statistical procedures
required to account for the effects of body size on heat-loss responses formed the
focus of the second preliminary investigation (Section 2.2). Finally, to independently
evaluate the morphological dependency of these thermoeffector responses, it is
important to control thermoafferent feedback by ensuring all individuals exercised at
work intensities eliciting matched mean body temperature changes. The aim of the
third preliminary investigation (Section 2.3), was therefore, to identify the best means
of standardising work intensity to elicit a matched body temperature change across
morphologically diverse participants. These answers were obtained through the
theoretical treatment of data obtained in experiments one (Chapter 3) and three
(Chapter 5), as well as a pilot investigation involving participants from experiment
one (Chapter 3).
2.1 ASSESSING ADIPOSITY IN PHYSICALLY DIVERSE POPULATIONS
2.1.1 Introduction
External heat exchanges between the skin surface and surrounding
environment are not only dependent on body morphology, but also the composition of
the tissues lying between deep-body structures and the skin surface. The thermal
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properties of these tissues (thermal conductivity, density and heat capacity), along
with variations in regional blood flow (Ducharme and Tikuisis, 1991), will therefore
determine the rate of convective heat transfer to the skin surface to facilitate these
exchanges. In humans, these tissues are largely made up of muscle and adipose (fat),
with adipose possessing the lower density and thermal conductivity of the two
(Hasgall et al., 2015; Table 2.1). Subsequently, under resting conditions, blood
bourne heat flows more rapidly through muscle (33 mL.min-1.kg-1 [fat] versus 39
mL.min-1.kg-1 [muscle]; Hasgall et al., 2015). Muscle tissue is also the more vascular
structure, with muscle blood flow increasing by 50-100 fold above resting values
during exercise under fixed environmental conditions (Walløe and Wesche, 1988),
compared to the 3-4 fold increases in blood flow observed within adipose (Bülow and
Madsen, 1976). Consequently, during exercise in the heat, conductive heat transfer
between deep-body structures and the periphery, as well as the convective delivery of
blood-bourne heat to the skin surface, occurs more slowly within individuals
possessing relatively higher adiposity. Those individuals must, therefore, rely more
heavily on sudomotor responses to regulate body temperature during exercise in the
heat (Bar-Or et al., 1969; Haymes et al., 1975; Selkirk and McLellan, 2001).
Accordingly, to independently evaluate the contribution of body morphology to the
modulation of these physical properties and physiological responses during steadystate exercise, it was important to select subjects who not only spanned a broad range
of mass-specific surface areas, but who also possessed minimal adiposity. To achieve
this, it was first necessary to identify the most appropriate laboratory-based method
for assessing adiposity within individuals who differ widely in body size.
While there are several indirect methods of assessing adiposity including:
medical imaging (Clasey et al., 1999; Kamel et al., 1999), underwater weighing
(Keys and Brozek, 1953), total-body potassium (Kehayias et al., 1997) and
bioelectrical impedance (Chumlea and Guo, 1994), skinfold thickness measurements
(Durnin and Womersley, 1974; Jackson and Pollock, 1978) are inexpensive and
available in the host laboratory. However, this method is thought to overestimate
adiposity within larger individuals (Martin et al., 1984; Clarys et al., 1987). To avoid
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Table 2.1: Density, thermal conductivity and specific heat capacity of human fat and
muscle tissue. Modified from Hasgall et al. (2015).
Density

Thermal conductivity

(kg.m-3)
911

(W.m-1.oC-1)
0.21

SD

53

0.02

372

Min

812

0.18

1806

Max

961

0.24

2973

Mean

1090

0.49

3421

SD

52

0.04

460

Min

1041

0.42

2624

Max

1178

0.56

3799

Tissue
Mean
Fat

Muscle
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Heat capacity
(J.kg-1.oC-1)
2348

this size bias, these data can be adjusted to the standing height of a unisex reference
human (Ross and Wilson, 1974). Nevertheless, few investigators have utilised this
procedure to approximate adiposity across individuals of widely varying size (Ross
and Ward, 1982; Landers et al., 2000; Ackland et al., 2003; Keogh et al., 2009).
Therefore, this preliminary study was designed to determine whether the unadjusted
or height-adjusted measures of skinfold thickness provide the more suitable method
for performing unbiased assessments of adiposity within groups differing significantly
in mass-specific surface area. The outcomes from this investigation determined the
method used to approximate adiposity for the experiments in this series. These data
were then used to restrict subject selection to include only those individuals possessing
adiposity levels that were equal to, or less than, the population average. With this
approach, the subjects studied within these experiments were deemed to possess
similar adiposity, but wide variations in mass-specific surface area.
2.1.1.1. Anthropometric assessment of human adiposity
Dual X-ray absorptiometry, magnetic resonance imaging and isotope dilution
techniques are often used to indirectly assess body composition (Kehayias et al.,
1997; Clasey et al., 1999; Kamel et al., 1999), yet these methods are expensive and
unavailable in most laboratories. Body adiposity is also commonly approximated using
densitometry (under-water weighing; Keys and Brozek, 1953) or bioelectrical
impedance (Chumlea and Guo, 1994), but these procedures rely on several invalid
assumptions (Ross et al., 1986; Martin and Drinkwater, 1991; Deurenberg, 1996).
Alternatively, anthropometry can be used to conveniently obtain information on one’s
body composition using minimal equipment. This typically involves assessing body
composition from measures of height and body mass (Quetelet, 1842), or skinfold
thickness (Durnin and Womersley, 1974; Jackson and Pollock, 1978). However, these
data are often misinterpreted, with the many equations used to approximate adiposity
frequently based upon imprecise and poorly supported assumptions (Martin et al.,
1984; Clarys et al., 1987).
The body mass index (BMI), or Quetelet impulse (Quetelet, 1842), is derived
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from the ratio between body mass (kg) and height squared (m2), and is the most
commonly used method to describe body composition from anthropometric data.
However, this was never the intended purpose of this ratio, with such an approach
assuming that increases in body mass without a proportional change in standing
height, solely represent increases in adiposity. The invalidity of this assumption
becomes clear within strength-trained individuals, who are often incorrectly classified
as obese using the body mass index (BMI: >25), because they possess a high
proportion of muscle mass relative to their height (Ross and Marfell- Jones, 1991).
Moreover, it is well known that body mass does not share a linear relationship with
height (Schmidt-Nielsen, 1984; Neville et al., 2004), with smaller individuals
possessing a greater body mass relative to their height. Therefore, the body mass
index will also overestimate adiposity in smaller individuals with shorter limbs
relative to their height (Garn et al., 1986). Consequently, this procedure has limited
application for the individual characterisation of body composition, particularly
among individuals that differ widely in body size (Ward, 1988; Ross and MarfellJones, 1991).
Skinfold thickness measures from several regions are also frequently used to
approximate adiposity (Durnin and Womersley, 1974; Jackson and Pollock, 1978).
This procedure uses specially designed calipers to measure the thickness of a
compressed, double-fold of skin and the underlying subcutaneous adipose tissue at
several regions (Figure 2.1). However, using these measures to predict the percentage
of body adiposity is reliant on several invalid assumptions (Martin et al., 1984; Clarys
et al., 1987). The first relates to the compressibility of the skin where the caliper is
applied, which is assumed to be uniform for all individuals across all skin regions.
Yet, due to inter-individual variations in tissue hydration, age and gender, skin
compressibility can vary between 16-53% among individuals (Clarys et al., 1987).
These predictive equations also assume that skin thickness is equal in all body regions
and among all individuals, however, skin thickness has considerable intra- and interindividual variability (Martin et al., 1984; Clarys et al., 1987). Moreover, the
concentration of fat comprising subcutaneous adipose tissue, ranges from 5 to 94%
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Figure 2.1: Schematic representation of the caliper technique for the measurement of
skinfold thickness, and the differences between compressed and uncompressed
skinfold measurements (from Martin et al. 1985).
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among individuals (Martin et al., 1985). Taken together, these variations can amount
to considerable over- and under-predictions of the percentage of adipose tissue
comprising the body when compared to direct measures from cadavers (Martin et al.,
1984; Martin et al., 1985).
Rather than rely on predictions of adiposity from skinfold thickness, many
researchers prefer to report the sum of these measurements as an index of body
adiposity to avoid the errors associated with predicting the percentage of adiposity
from skinfold measures (Johnson, 1982; Martin et al., 1985; Clarys et al., 1987).
However, since the thickness of the skin becomes greater with increasing body size
(Martin et al., 1984; Clarys et al., 1987), it is possible that the sum of skinfolds may
also overestimate adiposity within larger individuals (Ross and Marfell-Jones, 1991).
To avoid this size bias when using anthropometric data to assess the physical
characteristics of individuals, Ross and Wilson (1974) proposed the Phantom
stratagem. This procedure normalises anthropometric data, including measures of
skinfold thickness, to the height of a hypothetical, unisex reference known as the
Phantom, which possesses the mean physical characteristics of men and women from
several data sets (Wilmore and Behnke, 1969; Wilmore and Behnke, 1970; Garrett
and Kennedy, 1971; Table 2.2). Whilst this approach has been utilised to perform
unbiased assessments of adiposity in comparisons of men and women (Ross and
Ward, 1982), and athletes (Landers et al., 2000; Ackland et al., 2003; Keogh et al.,
2009), this procedure has not, to the best of the author’s knowledge, been utilised by
thermal physiologists to evaluate adiposity among individuals that differ in body size.
Theoretically, one could also remove this size bias by scaling anthropometric
data to the average height of the population under investigation. However, adjusting
anthropometric data to the Phantom stature allows one to compare these heightadjusted data to age- and gender-specific normative data obtained from 1236 children,
225 adolescents and 22000 adults from a collection of cross-sectional sampling studies
(Bailey et al., 1982; Carter, 1982; Ward, 1988), using the O-scale system (Ross and
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Table 2.2: Body mass, height and skinfold thicknesses for the Ross and Wilson
(1974) Phantom.

Nude mass (kg)
Standing height (cm)
Skinfold thicknesses (mm)
Triceps
Subscapular
Supraspinale
Abdominal
Thigh
Calf

64.58
170.18

Standard
deviation
8.6
6.29

15.4
17.2
22.4
25.4
27.0
16.0

4.5
5.1
6.8
7.8
8.3
4.7

Sum of skinfolds

116.4

34.8

Anthropometric measures
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Mean

Ward, 1985). Although this system was originally designed to provide a full
anthropometric assessment of an individual relative to these normative data, the
shorter version uses the height-adjusted sum of skinfolds to derive a proportional
adiposity rating from the standard nine (stanine) distribution of these population data.
Each stanine category spans 0.5 standard deviations and separates the normative
distribution according to eight boundary percentiles (Figure 2.2). For instance, an
individual with a proportional adiposity rating of five would possess an adiposity level
equal to the population average (between the 40th and 60th percentile of the normative
distribution). Furthermore, these normative data could provide the basis for the
derivation of subject selection criteria designed to restrict subject selection by
allowing only those individuals displaying similar levels of adiposity to participate in
this series of experiments.
Accordingly, the focus of this preliminary investigation was to determine
whether unadjusted or height-adjusted measures of skinfold thickness provided the
more suitable means of assessing adiposity within the desired population sample. To
achieve this, the unadjusted and height-adjusted skinfold measures obtained from the
smaller and larger subject groups in the third experiment in this series (Chapter 5)
were brought forward and compared within and between each group, and also against
pre-determined subject selection criteria. It was anticipated that unadjusted measures
of skinfold thickness would over-estimate adiposity in larger individuals, while the
height-adjusted measures would not differ significantly between these groups and
would therefore provide the more suitable method for assessing adiposity for the
subsequent experiments.
2.1.2 Methods
2.1.2.1. Subjects
Twenty healthy, physically-active males, aged 18-28 years, of smaller and
larger body size (ten per group) were selected as participants (Table 2.3). Subjects
were first recruited from a student sample, and then selected based on their
morphological configuration so that they differed widely in the specific surface area.
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Figure 2.2: Normative probability distribution comprising of the stanine categories
(1-9), the percentage of this normative distribution comprising each category (4-20%),
and the percentiles bordering those categories (4th-96th percentile).
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Table 2.3: Subject characteristics of the small and large body size groups. (S =
smaller, L = larger). Significant between-group differences indicated by the symbol
(P<0.05).
Age

Height

Body mass

Surface area

Mass-specific surface

(y)

(cm)

(kg)

(m2)

area (cm2.kg-1)

S1

25

173.5

64.2

1.77

275.8

S2

18

172.9

60.9

1.73

283.5

S3

23

168.5

64.5

1.74

269.3

S4

21

178.6

64.3

1.81

281.4

S5

19

157.2

56.3

1.56

276.9

S6

20

179.6

69.5

1.88

270.2

S7

21

171.1

64.4

1.75

272.5

S8

19

171.0

70.4

1.82

258.8

S9

19

171.3

70.1

1.82

259.8

S10

28

179.1

65.2

1.82

279.7

Mean

21

172.3

65.0

1.77

272.8

SD

3

6.6

4.3

0.09

8.5

L11

23

190.7

82.8

2.11

255.1

L12

24

188.0

85.0

2.11

248.7

L13

18

192.2

80.5

2.10

260.8

L14

23

176.9

87.0

2.04

234.8

L15

20

184.6

88.5

2.12

239.8

L16

23

186.6

91.9

2.17

236.5

L17

21

192.8

94.2

2.25

238.8

L18

21

188.3

80.5

2.07

256.9

L19

23

195.4

99.0

2.32

234.3

L20

20

186.3

90.3

2.15

238.6

Mean

22

188.2*

88.0*

2.15*

234.4*

SD

2

5.2

6.1

0.08

10.0

Subject
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These individuals formed the smaller and larger subject groups for the final
experiment in this series (Chapter 5, Section 5.2.1). Experimental procedures were
approved by the Human Research Ethics Committee of the University of Wollongong
under approval HE14/234, and these were fully explained to the participants, who
provided written, informed consent prior to participating.
2.1.2.2 Procedures
Each participant completed an anthropometric assessment wearing minimal
clothing, and in accordance with the procedures specified by the International Society
for the Advancement for Kinanthropometry (Marfell-Jones et al., 2006). This
included measures of standing height and body mass, as well as skinfold thickness at
six regions.
2.1.2.3 Measurements
Measures of height (Harpenden Stadiometer, Holtain Ltd., Crymych, U.K.)
and body mass (fw-150k, A&D scale, Los Angeles, California, U.S.A.) were
obtained and used to approximate body surface area (DuBois and DuBois, 1916; see
Section 2.1.2.4 for details). Skinfold thicknesses were measured in triplicate by a
trained researcher (Eiken skinfold caliper, Meikosha, Tokyo, Japan) at six locations
on the right side of the body (triceps, subscapular, supraspinale, abdominal, thigh and
calf; Figure 2.3), with median scores recorded. Each skinfold measure, and the sum
of skinfolds, was geometrically adjusted to a common height (Phantom height: 170.18
cm) to obtain height-adjusted skinfold measurements (170.18 / height * [skinfold
measure]; Ross and Wilson, 1974; Landers et al., 2013), with the height-adjusted sum
of skinfolds representing each individual’s relative adiposity (Ross and Marfell-Jones,
1991).
To attain the proportional adiposity rating according to the O-scale system
(Ward, 1988), the height-adjusted sum of skinfolds were compared to age- and
gender-specific normative data on a standard nine (stanine) distribution (Figure 2.2).
Since subjects were aged between 18-28 years (Table 2.3), the normative data for
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Figure 2.3: Schematic representation of the skinfold measurement locations, the
anatomical landmarks describing each location, and the angle at which the skinfold
measure was taken (Marfell-Jones et al., 2006).

Page 49

males aged 25-30 years were selected for comparisons to include the oldest subjects
from this sample (Bailey et al., 1982; Table 2.4). The stanine category corresponding
to the height-adjusted sum of skinfolds represented the proportional adiposity rating.
2.1.2.4 Estimating body surface area: Dubois and Dubois (1916) formula
Reliable and valid approximations of body surface area were not only essential
for describing the morphological configuration of participants within this body of
work, but also for administering area-specific work rates (Chapters 3 and 4) and for
subsequently normalising physiological data. Body surface area can be measured
directly using cadaveric dissection, or indirectly using coating techniques (e.g., plaster
bandage, moulding) and computer imaging (e.g., dual X-ray absorptiometry,
magnetic resonance imaging, three-dimensional scanners). However, as a more
convenient alternative, researchers often approximate body surface area from standing
height and body mass. While multiple body surface area formulae exist (Gehan and
George, 1970; Haycock et al., 1978; Mosteller, 1987; Shuter and Aslani, 2000;
Tikuisis et al., 2001; Lee et al., 2008), the regression equation of DuBois and DuBois
(1916) is most frequently used by physiologists (Equation 2.1).
Body surface area = Mass0.425 · Height0.725 · 71.84 [cm2] Equation 2.1
where:
Mass = Body mass

[kg]

Height = Standing height

[cm]

0.425 = Scalar exponent for body mass

[non-dimensional]

0.725 = Scalar exponent for height

[non-dimensional]

71.84 = Regression constant

[non-dimensional]

This formula is comprised of scaling exponents for body mass and height, as
well as a regression constant derived from direct measures of body surface area. The
scaling exponents ensure that the dimensions of both sides of the equation equal the
dimensions of measurement (area [m2] or length2) to maintain dimensional correctness
(Åstrand, 2003). Since body mass (assumed to be equal to volume) is equal to the
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Table 2.4: The proportional adiposity ratings (stanine categories) for males and
females aged 25-30 years and the corresponding height-adjusted sum of skinfolds
(mm) separating each of these categories (Ward, 1988).
Stanine

Height-adjusted sum of skinfolds (mm)

category
1

Males
<38.3

Females
<65.2

2

38.3-45.5

65.2-74.1

3

45.5-54.5

74.1-82.2

4

54.5-66.8

82.2-93.0

5

66.8-81.8

93.0-107.9

6

81.8-99.5

107.9-122.9

7

99.5-119.3

122.9-141.0

8

119.3-144.0

141.0-169.2

9

>144.0

>169.2
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cube of length (length3) and standing height is dimensionally equal to length (length1),
body surface area (length2) is equal to the product of body mass (length3) scaled to the
exponent 0.425 and standing height (length1) scaled to the exponent 0.725 (i.e.,
length2 = length[3 · 0.425] · length[1 · 0.725]). The constant within this equation (71.84),
however, was derived from direct measures of body surface area (paper moulds;
DuBois and DuBois, 1915) obtained from nine individuals of various body shapes and
sizes (e.g., children and amputees; Shuter and Aslani, 2000).
Despite the small sample size from which this equation was derived, body
surface area approximations from the DuBois and DuBois equation have been verified
against direct surface area measurements from cadavers (Martin et al., 1984), threedimensional scanning (Tikuisis et al., 2001) and alginate moulding (Lee et al., 2008),
with mean percentage prediction errors of 1.57%, 1.56% and 1.67%, respectively.
The precision of this formula is thought to be due to the dimensional correctness of
the equation and the diverse sample used in the derivation of the regression constant
(Martin et al., 1984; Shutter and Aslani, 2000; Burton, 2007). Accordingly, the
DuBois and DuBois (1916) formula was used to approximate body surface area within
all experiments in this dissertation.
2.1.2.5 Determination of subject selection criteria
To ensure that the individuals selected for this series of experiments possessed
minimal variations in body adiposity, subject selection criteria were established a
priori according to the age- and gender-specific normative data used within the Oscale system (Ward, 1988), and the technical error of measurement associated with
skinfold thickness measures. Subject selection was restricted to include only
individuals possessing a proportional adiposity rating of five or less, which
represented a relative adiposity that was equal to or less than the population average
(below the 60th percentile), and a sum of skinfolds equal to, or less than, 81.8 mm and
107.9 mm for males and females, respectively. Given that the participants within
these experiments were aged between 18-30 years, the normative data from
individuals aged 25-30 years were used to derive these values (Table 2.4). However,
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since the technical error of measurement (intra-observer error) associated with
skinfold measurements can be up to 7.4% even in trained researchers (Ulijaszek and
Kerr, 1999), it was necessary to account for the possibility that the height-adjusted
sum of skinfolds may be over-estimated by this amount. Therefore, the predefined
limit for subject selection was increased by 7.4% to include only those individuals
possessing a height-adjusted sum of skinfolds equal to, or less than, 88 mm (males)
and 116 mm (females; Figure 2.4).
2.1.2.6 Data analysis
Anthropometric data were first analysed to provide standard descriptive
measures (means, standard deviations). Between-group differences in anthropometric
measures were compared using unpaired t-tests. Unadjusted and height-adjusted
skinfold measures were compared within each group using paired t-tests. The heightadjusted sum of skinfolds was used to identify the stanine rating of proportional
adiposity based on appropriate age- and gender-specific normative data. Alpha was set
at the 0.05 level for all statistical comparisons. Data are presented as means with
standard deviations (SD).
2.1.3 Results
To fully evaluate the utility of unadjusted and height-adjusted measures of
skinfold thickness, it was necessary to use these methods to assess adiposity among
two subject groups with considerable differences in body size. This design
requirement was achieved, with the smaller and larger groups differing significantly in
height, body mass, surface area and mass-specific surface area (Table 2.3; P>0.05).
Prior to evaluating the unadjusted and height-adjusted skinfold measures
between each group, these data were compared within each group to evaluate whether
or not the unadjusted skinfold measures biassed either group (Table 2.5). While the
unadjusted and height-adjusted skinfolds did not differ significantly within the smaller
group (P>0.05), the unadjusted skinfold measures were significantly greater than the
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Figur
e 2.4:
The normative, height-adjusted sum of skinfolds for males (A) and females (B) aged
25-30 years (after Ward, 1988), and the corresponding proportional adiposity ratings
associated with these values. Data for the smaller (triangular symbols) and larger
males (circular symbols) are plotted (N= ten per group; A). The dotted lines
represent the boarders of each proportional adiposity rating (stanine categories), the
solid lines indicate the predefined limits for subject inclusion (height-adjusted sum of
skinfolds: <88 mm [males] and <116 mm [females]) and the shaded areas represent
the height-adjusted sum of skinfolds and proportional adiposity ratings exceeding this
limit.
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Table 2.5: Unadjusted and height-adjusted skinfold thickness measures for the smaller
and larger males (N=10 per group). Height-adjusted skinfold measurers were derived
by adjusting each skinfold measure to a common height (170.18 / height * [skinfold
measure]; after Ross and Wilson, 1974). Data are means with standard deviations in
parentheses. Significant within-groups differences between the unadjusted and heightadjusted measures (*) and significant between-groups differences in the unadjusted (†)
and height-adjusted measures (‡) are indicated by the symbols (P<0.05).
Skinfold thickness (mm)

Unadjusted

Height adjusted

Smaller

Larger

Smaller

Larger

Triceps

6.9 (2.3)

8.7 (2.4)

6.8 (2.5)

7.9 (2.0)*

Subscapular

7.8 (1.0)

10.6 (3.1)†

7.7 (1.1)

9.6 (3.0)*

Supraspinale

6.8 (2.0)

10.3 (4.8)†

6.7 (2.0)

9.3 (4.4)*

Abdominal

9.9 (3.3)

16.5 (7.4)†

9.8 (3.3)

14.9 (6.5)*‡

Thigh

10.6 (4.4)

13.5 (4.3)

10.6 (4.6)

12.2 (3.8)*

Calf

6.5 (3.0)

7.6 (2.7)

6.5 (3.1)

6.8 (2.3)*

48.5 (14.4)

67.1 (21.4)†

48.1 (15.2)

60.6 (18.8)*

Sum of skinfolds
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height-adjusted measures at all regions measured within the larger group (Table 2.5;
P<0.05). These differences indicate that unadjusted measures of skinfold thickness
can significantly over-estimate adiposity in larger individuals. However, adjusting
these data to a common standing height removed this bias (Table 2.5).
Since the unadjusted skinfold measures overestimated adiposity in the larger
group, it was not surprising that the unadjusted and height-adjusted skinfolds differed
significantly between each group (P<0.05), with the larger individuals displaying
greater unadjusted skinfold thicknesses at the subscapular, supraspinale, abdominal
regions, as well as a larger sum of six skinfolds (Table 2.5; P<0.05). However, the
height-adjusted skinfold measures did not differ significantly between groups (Table
2.5; P>0.05), with one exception. That was the height-adjusted skinfold thickness at
the abdominal region, which remained significantly greater in the larger group (Table
2.5; P<0.05).
The height-adjusted sum of skinfolds were also used to identify the
proportional adiposity rating for each individual from population-specific normative
data (Table 2.4). The proportional adiposity ratings averaged 3 (SD 2) and 4 (SD 1)
for the smaller and larger groups (respectively), and did not differ significantly
between each group (P>0.05). These ratings placed the smaller and larger subjects
within the 11th to 23rd and the 23rd to 40th percentiles of the normative distribution,
respectively. Moreover, all individuals possessed a height-adjusted sum of skinfolds
less than, or equal to, the pre-determined limit for inclusion within this series of
experiments (<88 mm; Figure 2.4A).
2.1.4 Discussion
The aim of this preliminary investigation was to determine whether unadjusted
or height-adjusted skinfold thickness measures were the more valid method for
assessing adiposity within subsequent experiments. This was investigated
theoretically, using data obtained during experiment three (Chapter 5) of this project.
It was hypothesised that the unadjusted skinfold thickness measures would overPage 56

estimate adiposity in larger individuals, while the height-adjusted skinfold measures
would be similar between groups. As anticipated, the former overestimated adiposity
at all six regions measured within the larger group (Table 2.5). The unadjusted sum of
skinfolds, as well as the unadjusted skinfold measures at three regions were also
significantly greater in larger group when compared to the smaller individuals (Table
2.5). However, with the exception of the abdominal region, the height-adjusted
skinfolds did not differ significantly between groups (Table 2.5). Furthermore, all
individuals displayed a relative adiposity less than the population-specific average, and
within the predefined limit for inclusion (Figure 2.4). These findings confirm that
skinfold thickness measures need to be adjusted to a common standing height to
perform unbiased assessments and comparisons of adiposity. Accordingly, this
procedure was utilised to assess adiposity throughout this series of experiments.
To independently evaluate the morphological dependency of cutaneous
vascular and sudomotor responses, it was important to select participants who not only
spanned a wide range of mass-specific surface areas, but who also possessed minimal
variations in adiposity. To satisfy this requirement, it was essential to accurately
approximate the relative adiposity of the individuals recruited for these experiments,
within the technical constraints of the host laboratory. Whilst physiologists often
utilise the sum of skinfolds as a surrogate index of adiposity (Johnson, 1982; Martin
et al., 1985; Clarys et al., 1987), these data are thought to overestimate adiposity in
larger individuals (Ross and Marfell-Jones, 1991). To overcome this size bias, various
authors have encouraged the use of height-adjusted, rather than raw anthropometric
data to assess the physical characteristics of people who differ in body size (Ross and
Wilson, 1974; Ward, 1988; Ross and Marfell-Jones, 1991). This size bias was also
observed in the current study, with the unadjusted measures of skinfold thickness
significantly overestimating adiposity compared to the height-adjusted measures at all
regions measured in the larger group (Table 2.5). Due to this size bias, the larger
group also displayed significantly greater unadjusted skinfold measures than the
smaller group (Table 2.5). However, as expected, adjusting these data to a common
body height according to the Phantom stratagem (Ross and Wilson, 1974), removed
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these between-group differences at almost all regions (Table 2.5). These outcomes
confirm that anthropometric data must be adjusted to a common standing height when
comparing morphologically diverse population samples.
The proportional adiposity rating associated with the height-adjusted sum of
skinfolds was also similar between groups, and placed each individual below the 60th
percentile of the age- and gender-specific normative distribution (Figure 2.4).
Moreover, the height-adjusted sum of skinfolds associated with these scores were
within the pre-determined limit for inclusion within this series of experiments (Figure
2.4). Therefore, despite possessing wide variations in mass-specific surface area
(Table 2.3), these subjects displayed relative adiposity levels within a narrow range
and below the population average. This outcome confirms that subject selection
criteria derived from the height-adjusted sum of skinfolds provide an appropriate
means of identifying subjects with minimal variations in adiposity to participate in the
current series of experiments.
In addition to justifying the use of height-adjusted skinfold measures to assess
adiposity, the outcomes from the current investigation provide strong evidence to
support the use of this method within future studies involving subject groups with
heterogeneous physical characteristics (e.g., adults and children, young and older
individuals). Indeed, investigations relying on unadjusted anthropometric data to
describe the physical characteristics of such individuals will create biased assessments
of adiposity in larger individuals, and must be interpreted with caution. Future
investigations may also consider comparing the height-adjusted sum of skinfolds to
age- and gender-specific normative data to derive subject selection criteria aimed at
reducing the confounding influences of variations in adiposity on study outcomes.
2.1.5 Conclusions
In this preliminary investigation, the use of unadjusted and height-adjusted
skinfold measures as surrogate indices of adiposity was evaluated. Unadjusted
skinfold measures overestimated adiposity in larger individuals, however adjusting
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these data to a common height removed this bias. Moreover, all individuals possessed
adiposity levels less than the population average and within the predefined criteria for
inclusion within these experiments. These outcomes indicate that measures of skinfold
thickness must be scaled to a common standing height to perform unbiased
assessments of adiposity, and this procedure was used to assess adiposity within each
experiment comprising this dissertation.
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2.2 NORMALISING PHYSIOLOGICAL RESPONSES TO BODY SIZE
2.2.1 Introduction
Researchers traditionally normalise physiological responses for variations in
body size by dividing the physiological variable of interest by an anthropometric
attribute (ratiometric or arithmetic scaling; Tanner, 1949; Katch, 1973). This practice
is aimed at minimising the inter-individual variance in critical dependent variables.
Perhaps the most familiar example is the normalisation of metabolic rate using body
surface area (Rubner, 1883; Benedict, 1938). However, ratiometric scaling is often
criticised as its validity is reliant on a directly proportional (linear) relationship
existing between the physiological numerator and the morphometric denominator
(Kleiber, 1947; Tanner, 1949; Kronmal, 1993); a scenario that rarely occurs in
human and animal physiology (Schmidt-Nielsen, 1984). Indeed, this approach can
only completely remove the effect of body size when the ordinate-intercept for the
least-squares, linear regression relationship between the body size and physiological
variable is zero (Tanner, 1949; Kronmal, 1993; Figure 2.5). When these criteria are
not met, ratios will not produce size-independent data, and can introduce unintentional
bias into data analyses (Tanner, 1949; Katch, 1973; Kronmal, 1993; Karp et al.,
2012). Since many of the physiological variables recorded in subsequent studies
reported in this dissertation are size-dependent, it was first necessary to establish
procedures for identifying the most effective approach for normalising physiological
data to body size.
Whilst the hazards of ratiometric scaling have been known for some time
(Kleiber, 1947; Tanner, 1949), researchers are often unaware of, or do not adhere to,
these warnings. Perhaps the most prevalent example of this fallacy in work physiology
is the normalisation of oxygen consumption to body mass (mL.kg-1.min-1). Since the
rate of oxygen consumption is primarily determined by the volume of the exercising
muscle mass, investigators often rely on expressing oxygen consumption per unit
mass to compare individuals differing in size. It is well known, however, that basal,
submaximal and peak oxygen consumption share an allometric (non-isometric)
relationship with body mass, increasing at a proportionally greater rate than does
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Figure 2.5: Theoretical example of a linear regression relationship between a
physiological (y; arbitrary units) and body size variable (x; arbitrary units) displaying
the zero-ordinate intercept (dashed line) required for ratiometric scaling (x.y-1) to fully
normalise physiological data to body size. A theoretical regression line for the
physiological and body size variable possessing a non-zero ordinate intercept is also
illustrated (solid line), to show a scenario where ratiometric scaling would not fully
normalise physiological data to body size (Tanner, 1949).

Page 61

body mass (Taylor et al., 1981; Bergh et al., 1991; Darveau et al., 2002; Weibel et
al., 2004; White and Seymour, 2005). Therefore, expressing oxygen consumption per
unit mass or lean body mass (ratiometric scaling) will over-adjust these values in
larger individuals (Toth et al., 1993), and this error becomes even more pronounced
in situations of load carriage (Taylor et al., 2016).
In such instances, alternative statistical procedures must be employed to
normalise physiological data for individual variations in body size. There are four
possible approaches that one may take to derive truly size-independent data. For data
satisfying the statistical assumptions of least-squares, linear regression, one can rely
on ratiometric scaling to remove body-size effects. However, the validity of this
method is reliant on the linear regression relationship between the independent and
dependent variables possessing a zero ordinate-intercept. If this is not the case, one
can utilise analysis of covariance, which reduces to adjusted regression analysis for
single-groups comparisons, to normalise physiological data to body size in two or
more subject groups. In many instances, however, physiological data can display nonconstant error variance (heteroscedasticity), and a non-linear relationship with body
size, which violates the statistical assumptions that must be satisfied to perform
ratiometric scaling, as well as analysis of covariance and adjusted regression analysis.
For these scenarios, allometric scaling can be used as an alternative.
2.2.1.1 Ratiometric scaling
Ratiometric scaling (y.x-1) uses least-squares, linear regression to normalise
physiological data to body size, and assumes that the linear regression line describing
the relationship between the dependent physiological variable of interest (y) and the
independent body size variable (x) is linear, and passes through the origin (ordinate
intercept equal to zero; Figure 2.5). When linear regression, is used to normalise
physiological data in this manner, it is also necessary to confirm that these data
display constant error variance throughout the range of observations
(homoscedasticity), which is achieved when all data points are evenly distributed
about the regression line. Experimental data must also display a normal distribution
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(bell curve), with data symmetrically distributed either side of the mean. If these
assumptions are met, ratiometric scaling provides a suitable means of normalising
physiological data to body size.
2.2.1.2 Adjusted regression analysis
If the zero-ordinate assumption of ratiometric scaling has not been
demonstrably verified, analysis of covariance, which reduces to an adjusted form of
linear regression analysis for single groups, can be used to normalise physiological
data to body size (Henry, 1958; Katch and Katch, 1974; Toth et al., 1993; Packard
and Boardman, 1999). With this approach, the effects of body size are accounted for
by first determining the group regression slope between the physiological outcome
variable and the measure of body size. Normalised physiological data are then derived
by subtracting each individual’s physiological data from the product of this group
regression slope and the difference between each individual’s measure of body size
and the group mean of this body size variable. Whilst adjusted regression analysis
does not require the regression relationship between the physiological and body size
variable to display a zero ordinate intercept, this method is also valid only when a
linear relationship exists between the numerator and denominator (linearity), data
display a normal distribution (normality) and that all data points display similar
variations from the regression line across the range of observations
(homoscedasticity). When these assumptions are met, adjusted regression analysis is
suitable for normalising physiological data for single groups.
2.2.1.3 Analysis of covariance
To normalise physiological data to body size in two or more groups, analysis
of covariance can be used (Winter, 1992; Toth et al., 1993; Packard and Boardman,
1999). This method adjusts for variations in the covariate (body size) by first deriving
linear regression relationships between the physiological and body size variable for
each of the groups under investigation. Size-adjusted group means are then created by
subtracting the group mean of the physiological variable from the average slope of
these group regression lines and the difference between the group mean and grand
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mean (mean of all groups) of the body size variable. In addition to the least-squares,
linear regression assumptions required for adjusted regression analysis (linearity,
normality and homoscedasticity), it is necessary to verify the assumptions of
regression slope homogeneity and homogeneity of variance for analysis of covariance.
The former of these additional assumptions is satisfied when the slopes of the group
regression relationship between the physiological and body size variable do not differ
significantly between each group, while the latter assumption is confirmed when the
variance associated with each variable is equal (homogeneous) between groups. In
instances where these assumptions can be verified, analysis of covariance is suitable
for normalising physiological data to body size among two or more groups.
2.2.1.4 Allometry
For situations in which neither the assumptions of ratiometric scaling nor those
of adjusted regression or analysis of covariance have been satisfied, allometric scaling
can be used to normalise physiological data to body size (Huxley, 1932; Kleiber,
1947; Taylor et al., 1981; Nevill et al., 1992). Unlike the methods previously
described, which rely on a linear relationship between the physiological data and body
size data, allometric scaling assumes the relationship between the physiological and
body size variable share a disproportionate, or non-isometric relationship, with
increases in body size corresponding to disproportionate changes in the physiological
variable. For example, basal metabolic rate per unit body mass decreases with
increasing body mass in mammals (Kleiber, 1947). Allometry normalises
physiological data (y) by scaling the body size variable (x) to an exponent (b), using a
power function model (y.x-b). This scaling exponent is derived from the slope of the
log-linear regression relationship between the logarithmically transformed
physiological and body size variable. When this scaling exponent is equal to one,
these data satisfy the assumption associated with ratiometric scaling (isometry). In this
instance, ratiometric normalisation is valid. However, a slope between zero and one
(negative allometric relationship) occurs when increases in body size exceed increases
in the physiological variable, while an exponent greater than one represents a positive
allometric relationship, where the physiological variable increases at a greater rate
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than increases in body size.
Since log-linear regression is used to derive the scaling exponent required for
allometric scaling, this procedure also assumes these logarithmically transformed data
are normally distributed3, and that linearity exists between the log-transformed
physiological and body size variables. Moreover, the allometric model contains a
multiplicative error term, which assumes that the distance of each data point away
from the regression line (residual error) increases in proportion to the regression
relationship between the dependent and independent variables (heteroscedasticity).
Therefore, under circumstances where physiological data display evidence of nonlinearity or residual errors that are size-dependent, allometric scaling provides a
suitable alternative to ratiometric scaling and adjusted regression for normalising
physiological data to body size in single groups.
2.2.1.5 Summary
The four statistical procedures appropriate for normalising physiological data
to body size and the statistical assumptions associated with those procedures are
summarised in Table 2.6. Under circumstances where experimental data satisfy the
statistical assumptions associated with adjusted regression, analysis of covariance and
allometric scaling, these methods can be used as more effective alternatives to
ratiometric scaling to normalise physiological data to body size (Kleiber, 1947; Nevill
et al., 1992; Rogers et al., 1995; Jaric, 2002; Jaric, 2003; Dewey et al., 2008;
Tartaruga et al., 2013). However, to the best of the author’s knowledge, no one has
attempted to identify the best method for creating size-independent approximations of
the heat loss responses. Instead, previous researchers have relied on ratiometric
scaling to normalise heat loss responses among individuals and groups that differ in
body size (Robinson, 1942; Shvartz et al., 1973; Drinkwater et al., 1977; Inbar et

3

In this instance, the assumption of normality is usually only satisfied when the untransformed data display a positively
skewed distribution. Therefore, when logarithmic transformation is performed, the group mean is drawn closer to the median
and the residuals display a normal distribution. However, if the untransformed data possess a normal or negatively skewed
distribution, logarithmic transformation of these data can violate regression assumptions of normality. As such, it is important
to verify the normality assumptions within log-transformed data prior to utilising allometric scaling to normalise physiological
data to body size.
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Table 2.6: Summary of the four statistical approaches for normalising physiological data (y) to body size (x), and the statistical
assumptions required for each procedure.
Statistical procedure

Single/multiple
subject groups

Statistical assumptions required to fully normalise physiological data to body size

Ratiometric scaling

Single group
and two or
more groups

(i) Linear relationship between the physiological (y) and body size variable (x; linearity)
(ii) Least-squares, linear regression line that displays a zero-ordinate intercept
(iii) Data are evenly distributed about that regression line (homoscedasticity)
(iv) Data are normally distributed (normality)

Adjusted regression
analysis

Single group

(i) Linear relationship between the physiological (y) and body size variable (x; linearity)
(ii) Data are evenly distributed about that regression line (homoscedasticity)
(iii) Data are normally distributed (normality)

Analysis of covariance Two or more
groups

(i) Linear relationship between the physiological (y) and body size variable (x; linearity)
within each subject group
(ii) Data are evenly distributed about each group regression line (homoscedasticity)
(iii) Data are normally distributed within each group (normality)
(iv) Slopes of the linear regression relationship between the physiological (y) and body size
variable (x) do not differ significantly between each group (regression slope homogeneity)
(v) Data display equal variance between groups (homogeneity of variance)

Allometric scaling

(ii) Non-linear relationship between the physiological (y) and body size variable (x)
(ii) Data are not evenly distributed about the regression line (heteroscedasticity)
(iii) Data are normally distributed when logarithmically transformed (normality)

Single group
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al., 2004). Nevertheless, this information is critical for the correct analyses and
interpretation of data collected throughout the experiments comprising this
dissertation. Furthermore, these considerations form an important analytical step for
future investigations to be directed at explaining differences between groups of
varying body size (e.g., males, females, adults, children).
Accordingly, the purpose of the current investigation was to identify the best
method for normalising physiological data that was collected throughout these
experiments. To perform this evaluation, three physiological responses central to the
current series of experiments were selected and normalised to body size using each of
these scaling procedures. To facilitate this, data from the first experiment (Chapter 3)
were brought forward and subjected to each of these analytical procedures. These data
included steady-state, indirect measurements of dry-heat dissipation (partitional
calorimetry) and whole-body sweat rate (body mass measurements), as well as
measures of peak oxygen consumption (open-circuit respirometry) during incremental
exercise, obtained from individuals of widely differing mass-specific surface area.
Since the rate of dry-heat loss and whole-body sweating are surface-area dependent,
these data were normalised to body surface area. On the other hand, peak oxygen
consumption is largely a function of the volume of the exercising muscle mass, and
was therefore normalised to body mass. To assess the utility of the scaling procedures
appropriate for multiple-groups comparisons (ratiometric scaling and analysis of
covariance), measures of whole-body sweat rate were also normalised to body surface
area within two subgroups of smaller and larger individuals. The outcomes from these
analyses will be used to create procedural guidelines for selecting the best method for
normalising physiological data collected within this series of experiments.
2.2.2 Methods
The experimental procedures and measurements relevant to this theoretical
treatment are described briefly below. For a full description, the reader is directed to
Chapter 3, Section 3.2.3.
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2.2.2.1 Subjects
The thirty-six male participants from experiment one (Chapter 3) of this
dissertation were selected as subjects for this theoretical treatment (Table 2.7).
Subjects from this experiment spanned a wide body-size range, and therefore, formed
a suitable sample to evaluate the scaling procedures that can be used to normalise
physiological data within a single group (ratiometric scaling, adjusted regression
analysis, allometric scaling). Twenty individuals from this sample were also selected
based on their body mass and surface area to form smaller and larger subgroups (ten
per group), with considerable differences in body size (Table 2.8). These subgroups
were used to evaluate the statistical approaches that are suitable for creating sizeadjusted physiological data between groups (ratiometric scaling and analysis of
covariance). Subjects were not taking any medication, nor did they have a history of
cardiovascular or thermal illness. Experimental procedures were approved by the
Human Research Ethics Committee of the University of Wollongong under approval
HE13/436, and these were fully explained to the participants, who provided written,
informed consent prior to participating in the trials.
2.2.2.2 Procedures
Subjects completed one experimental trial under warm, dry environmental
conditions (28.1oC [SD 0.2], 36.8% relative humidity [SD 2.4]; water vapour
pressure 1.4 kPa) with limited air movement (<0.5 m.s-1). The trial commenced with
20 min of seated rest in a semi-recumbent position behind an electronically braked
cycle ergometer (Excalibur Sport, Lode B.V., Groningen, The Netherlands). Subjects
then cycled at a constant frequency (60 rev.min-1) for 45 min at a fixed and clamped
metabolic heat production rate of ~135 W.m-2 (metabolic rate - external work). This
work rate averaged 25.8% (SD 5.7) and 26.5% (SD 4.7) of the peak oxygen
consumption of the smaller and larger groups, respectively. The external work rate
was matched for all participants, relative to body surface area.
Prior to commencing the experiment, and on a separate day, each participant
completed an anthropometric assessment and an incremental exercise test. The
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Table 2.7: Descriptive data, and skewness and kurtosis statistics for the body size and physiological variables used within these analyses
(N=36). Dry-heat loss and whole-body sweat rate were derived during steady-state exercise (fixed metabolic heat production: ~135
W.m-2; 45 min) under warm, dry environmental conditions (28oC, 37% relative humidity), while peak oxygen consumption was derived
during incremental exercise. Body mass and peak oxygen consumption data were transformed using natural logarithms (Log). All data
distributions displayed a Z-score for skewness and kurtosis <1.96, and did not differ significantly from normality (P>0.05).
Body size variables

Physiological variables

Body

Surface

Body mass

Dry-heat

Whole-body

Peak oxygen

Peak oxygen

mass (kg)

area (m2)

([Log] kg)

loss (W)

sweat rate (g.h-1)

consumption

consumption ([Log]

(L.min-1 STPD)

L.min-1 STPD])

Mean

75.02

1.94

4.31

96.25

187.13

3.43

1.22

Standard error

1.71

0.03

0.02

1.99

8.99

0.10

0.03

Standard deviation

10.27

0.17

0.14

11.97

53.91

0.60

0.18

Minimum

56.30

1.56

4.03

69.79

98.42

2.03

0.71

Maximum

94.20

2.25

4.55

116.25

267.64

4.62

1.53

Skewness statistic

0.14

-0.06

-0.75

-0.33

-0.10

0.01

-0.45

Standard error

0.39

0.39

0.39

0.39

0.39

0.39

0.39

Z-score

0.36

-0.14

-1.92

-0.85

-0.26

0.03

-1.15

Kurtosis statistic

-0.91

-0.78

-0.93

-0.20

-1.22

-1.03

0.57

Standard error

0.77

0.77

0.77

0.77

0.77

0.77

0.77

Z-score

-1.19

-1.02

-1.21

-0.26

-1.59

-1.34

0.74

Note: Standard temperature pressure dry (STPD).
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Table 2.8: Descriptive data, and the skewness and kurtosis statistics for body surface
area and whole-body sweat rate obtained from two subgroups of smaller and larger
individuals (ten per group). Data were collected during steady-state exercise (45 min;
metabolic heat production: ~135 W.m-2), performed under warm, dry environmental
conditions (28oC, 37% relative humidity) following a resting, thermal equilibration
period (20 min). All data distributions displayed a Z-score for skewness and kurtosis,
<1.96 and did not differ significantly from normality (P>0.05).
Body size variable

Physiological variable

Surface area (m2)

Whole-body sweat rate (g.h-1)

Smaller

Larger

Smaller

Larger

Mean

1.82

2.13

155.61

220.86

Standard error

0.02

0.02

13.88

10.36

Standard deviation

0.07

0.06

43.90

32.76

Minimum

1.72

2.01

103.53

169.79

Maximum

1.94

2.13

253.18

262.53

Skewness statistic

0.13

-0.19

1.11

-0.13

Standard error

0.69

0.69

0.69

0.69

Z-score

0.19

-0.28

1.61

-0.19

Kurtosis statistic

-1.07

1.47

1.84

-1.47

Standard error

1.33

1.33

1.33

1.33

Z-score

-0.80

1.11

1.38

-1.11
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anthropometric assessment included measures of height and body mass, which were
used to approximate body surface area (Equation 2.1; DuBois and DuBois, 1916).
Subjects also completed an incremental exercise test to volitional fatigue on a semirecumbent cycle ergometer to determine peak oxygen consumption.
2.2.2.3 Measurements
2.2.2.3.1 Metabolic heat production and dry-heat exchange
Metabolic heat production and dry-heat exchange were approximated using
partitional calorimetry (details: Chapter 3, Section 3.2.3.6). Briefly, metabolic rate
was derived from measures of carbon dioxide production and oxygen consumption
(M; Equation 3.4; Nishi, 1981), and normalised to each individual’s body surface
area (W.m-2). In this instance, ratiometric normalisation was appropriate, because heat
production shared an approximate linear relationship with body surface area that
passed through, or near to, the origin when expressed in absolute terms (W). The rate
of metabolic heat production (Hprod) was derived by subtracting the external work (W)
from the metabolic rate (M). External work was regulated during exercise to maintain
metabolic heat production (Hprod: [M-W]) at ~135 W.m-2 for each participant. Dryheat exchanges (Hdry) were calculated as the sum of the radiative and convective
exchanges (Equation 3.5; Nishi, 1981).
2.2.2.3.2 Whole-body sweat rate
Gross mass changes (before and after exercise) were used to determine
whole-body sweat losses (±20 g; fw-150k, A&D Weighing, California, U.S.A.).
Data were corrected for fluid replacement and urine production, with respiratory and
metabolic mass losses approximated using Equation 3.8 and Equation 3.9
(respectively, Gagge and Gonzalez, 1996).
2.2.2.3.3 Oxygen consumption and carbon dioxide production
Expired gases and air flows were analysed continuously during the incremental
exercise test and experimental trial using a respiratory gas-analysis system (TrueOne
2400 metabolic measurement system, ParvoMedics Inc., Utah, U.S.A), and used to
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derive oxygen consumption, carbon dioxide production and minute ventilation as 15-s
averages.
2.2.2.4 Normalisation procedures
2.2.2.4.1 Ratiometric scaling
Ratiometric scaling was used to normalise physiological data to body size
within the main subject group, and also to create size-adjusted group means for the
smaller and larger subgroups. Size-adjusted physiological data were derived by
expressing the physiological variable (y) per unit of the body size variable (x) using
least-squares, linear regression (Equation 2.2).
yi = a + b @ xi + ei

Equation 2.2

where:
yi = physiological variable

[physiological variable units]

xi = body size variable

[body size variable units]

a = origin intercept (assumed to be zero)

[physiological variable units]

b = group regression slope

[body size variable units]

ei = constant error term

[physiological variable units]

2.2.2.4.2 Adjusted regression analysis
Modified, least-squares, linear regression analysis was used to produce sizeadjusted physiological data within the main subject group (after: Toth et al., 1993;
Equation 2.3).
yadj = yi - b (xi - 0) + ei

Equation 2.3

where:
yadj = size-adjusted physiological variable [physiological variable units]
yi = physiological variable

[physiological variable units]

xi = body size variable

[body size variable units]

b = group regression slope

[body size variable units]

0 = group mean of body size variable

[body size variable units]

ei = constant error term

[physiological variable units]
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2.2.2.4.3 Analysis of covariance
For comparisons between the smaller and larger subgroups, analysis of
covariance was used to correct each group mean of the physiological variable for
variations in the covariate (body size), by first deriving linear relationships between
the body size variable and physiological variable for each subgroup. The average
slope from these regression equations was then used to adjust the physiological
variable to the mean of the body size variable across both groups (grand mean) and
derive a size-adjusted group mean (after: Packard and Boardman, 1999; Equation
2.4).
y’adj = yi - b (xi - xg) + ei

Equation 2.4

where:
y’adj = size-adjusted group mean

[physiological variable units]

yi = group mean of the physiological variable

[physiological variable units]

b = average between-groups regression slope

[body size variable units]

xi = group mean of the body size variable

[body size variable units]

xg = grand mean of the body size variable

[body size variable units]

ei = constant error term

[physiological variable units]

2.2.2.4.4 Allometry
The physiological variable (y) was allometrically scaled to the body size
variable (x) using an exponent (b), according to a power function model (after:
Huxley, 1932; Equation 2.5):
yi = a @ xib + ei

Equation 2.5

where:
yi = physiological variable

[physiological variable units]

xi = body size variable

[body size variable units]

a = origin intercept

[physiological variable units]

b = scaling exponent (slope)

[body size variable units]

ei = multiplicative error term

[physiological variable units]

The origin intercept and the exponent (slope) was derived by expressing the
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power function model as natural logarithms and fitting a straight line to these data
using log-linear regression (Equation 2.6), and back-transforming the resulting
equation to form the power function model:
log(y)= log(a) + b @ log(x) + log(ei)

Equation 2.6

where:
log(y) = log of the physiological variable

[physiological variable units]

log(a) = log of the origin intercept

[physiological variable units]

b = slope (exponent) of the regression line [body size variable units]
log (x) = log of the body size variable

[body size variable units]

log(ei) = log of the multiplicative error term [physiological variable units]
2.2.2.5 Data analysis
The scaling procedures suitable for single groups (ratiometric scaling, adjusted
regression analysis, allometry) were used to derive size-adjusted measures of dry-heat
loss, whole-body sweat rate and peak oxygen consumption. The relationships between
the body size variable and the size-adjusted physiological responses obtained using
each of these methods, were assessed using Pearson’s correlation coefficient.
Correlation coefficients that were equal to zero indicated that the normalised
physiological data were independent of body size. Between-groups scaling procedures
of ratiometric scaling and analysis of covariance were used to normalise whole-body
sweat rate within the smaller and larger subgroups. Between-group differences in the
unadjusted and size-adjusted data were identified using unpaired t-tests. Nonsignificant differences between each group indicated that the effects of body size had
been removed. Least-squares, linear regression assumptions of linearity and
homoscedasticity (constant error variance) were confirmed by inspecting scatter and
residual plots of the anthropometric data and the physiological data expressed in
absolute terms. Normality was determined by inspecting quantile-comparison plots of
these data and confirmed by calculating the Z-scores for skewness and kurtosis (Peat
and Barton, 2005). A Z-score for skewness and kurtosis below 1.96 indicated that the
distribution of these data did not differ significantly from normality at the 5%
probability level (P>0.05). For analysis of covariance, regression slope homogeneity
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between each group was confirmed using analysis of variance. Homogeneity of
variance was confirmed between each group using Levene’s test (Levene, 1961).
Alpha was set at the 0.05 level for all statistical comparisons, with data reported as
means and standard errors of the means (±) unless stated otherwise (standard
deviation [SD]).
2.2.3 Results
2.2.3.1 Subjects
To thoroughly evaluate these scaling procedures, it was essential that subjects
spanned a sufficiently wide range of body sizes. To satisfy this requirement, subjects
were selected to include those who differed widely in body mass and body surface
area (Table 2.7). Moreover, by design, the subgroups differed significantly in body
mass (smaller: 68.5 kg [SD 6.4]; larger: 87.4 kg [SD 4.9]; P<0.05) and surface
area (Table 2.8; P<0.05).
2.2.3.2 Statistical assumptions
Before applying these scaling procedures, it was first necessary to confirm that
the statistical assumptions of each procedure were satisfied. Assumptions of linearity
and constant error variance were assessed by inspecting scatter and residual plots of
the relationships between the physiological and body size variables, while quantile
comparison plots and skewness and kurtosis statistics were used to assess the
distribution (normality) of each physiological and body size variables.
Linearity and constant error variance assumptions were confirmed for the
regression relationships between dry-heat loss and body surface area (Figure 2.6), as
well as whole-body sweat rate and body surface area (Figure 2.7). The quantile
comparison plots for dry-heat loss and body surface area (Figure 2.6), and wholebody sweating and body surface area (Figure 2.7), also displayed an approximate
normal distribution. Moreover, the Z-scores derived from the skewness and kurtosis
statistics for each variable did not exceed 1.96, confirming that the distribution of
these data did not differ significantly from normality (Table 2.7; P<0.05).
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Figure 2.6: Scatter (A) and residual (B) plots for the relationship between dry-heat
loss and body surface area to assess linearity and constant error variance assumptions,
as well as quantile comparison plots for dry-heat loss (C) and body surface area (D) to
assess normality assumptions. Data were collected following 20 min of resting,
thermal equilibration (28oC; 37% relative humidity), after which subjects exercised
(45 min) at a metabolic heat production rate of ~135 W.m-2 (N=36). Data are
presented as individual means for the final 5-min period of each steady-state exercise
period. Solid lines represent least-squares, linear regressions.
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Figure 2.7: Scatter (A) and residual (B) plots to assess linearity and constant error
variance assumptions for the relationship between whole-body sweat rate and body
surface area. To assess normality, a quantile comparison plot for whole-body sweat
rate is also presented (C). The quantile comparison plot for body surface area is
presented in Figure 2.6D. Data were obtained during steady-state exercise at a fixed
metabolic heat production rate (~135 W.m-2) under warm, dry conditions (28oC;
37% relative humidity), and following 20 min of resting, thermal equilibration
(N=36). Solid lines represent least-squares, linear regressions.
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The relationship between peak oxygen consumption and body mass, however,
displayed evidence of non-constant error variance, which increased proportionately
(Figure 2.8). Body mass also shared a non-linear, power functional relationship with
peak oxygen consumption, such that increases in peak oxygen consumption decreased
with increasing body mass (Figure 2.8). Therefore, to satisfy least-squares, linear
regression assumptions, these data were transformed using natural logarithms and
rechecked for linearity and constant error variance, which was confirmed (Figure
2.9). Moreover, the quantile comparison plots and Z-scores for skewness and kurtosis
for both the raw (Figure 2.8) and log-transformed body mass and peak oxygen
consumption (Figure 2.9), indicated that these data did not differ significantly from
normality (Table 2.7; P>0.05).
Linearity and constant variance assumptions were also confirmed for both the
smaller and larger subgroups following the inspection of scatter and residual plots for
the regression relationship between whole-body sweat rate and body surface area
(Figure 2.10). Furthermore, the quantile comparison plots of whole-body sweating
and body mass (Figure 2.11), as well as the Z-scores for skewness and kurtosis (Table
2.8), indicated that these data did not differ significantly from normality within each
group (P>0.05). To satisfy the additional assumption of regression slope
homogeneity to perform analysis of covariance, the regression slope between wholebody sweat rate and body surface area must not differ significantly between each
group, and this was confirmed using analysis of variance (x=272.9 [smaller] and
x=260.1 [larger]; P>0.05). Additionally, analysis of covariance requires that each
group displays similar data variance (homogeneity of variance), and this was
confirmed using Levene’s test (P>0.05).
2.2.3.3 Normalising dry-heat losses to body surface area
Non-evaporative heat loss averaged 101 W (±2) during exercise, and shared a
significant, positive association with body surface area (r=0.61; Figure 2.6;
P<0.05). This relationship possessed an ordinate-intercept close to zero (+11.56),
and closely approximated the ratio line, which represents this relationship with an
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Figure 2.8: Scatter (A) and residual (B) plots to assess linearity and constant error
variance assumptions for the relationship between peak oxygen consumption and body
mass. Quantile comparison (normal distribution) plots for peak oxygen consumption
(C) and body surface area (D) to assess normality are also presented. Data were
recorded during an incremental exercise (cycle) test to volitional fatigue, and are
presented as the peak score obtained during this exercise period (N=36). Solid lines
represent least-squares, linear regressions.
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Figure 2.9: Scatter (A) and residual (B) plots for the relationship between peak
oxygen consumption and body mass to assess linearity and constant error variance
assumptions, as well as the quantile comparison plots to assess normality for peak
oxygen consumption (C) and body mass (D). Data are the peak scores obtained during
an incremental exercise (cycle) test to volitional fatigue (N=36). All data were
transformed using natural logarithms (Log). Solid lines represent least squares,
best-fit, linear regressions.

Page 80

Figure 2.10: Scatter (A, B) and residual plots (C, D) to assess linearity and constant
error variance for the relationship between whole-body sweat rate and body surface
area within two groups (ten per group) of smaller (open symbols) and larger
individuals (closed symbols). Data were sampled following 20 min of resting, thermal
equilibration (28oC; 37% relative humidity), after which subjects performed 45 min
steady-state exercise at a fixed metabolic heat production rate (~135 W.m-2). Solid
lines represent least squares, linear regressions.
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Figure 2.11: Quantile comparison plots to assess normality assumptions for body
surface area (A, C) and whole-body sweat rate (C, D) within two groups (ten per
group) of smaller (open symbols) and larger individuals (closed symbols). Data were
sampled following 20 min of resting, thermal equilibration (28oC; 37% relative
humidity), after which subjects exercised for 45 min at a fixed metabolic heat
production rate of~135 W.m-2. Solid lines represent least-squares, linear regressions.
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ordinate-intercept of zero (Figure 2.12A). As such, it was anticipated that ratio
scaling (Equation 2.2), would effectively remove the effects of body surface area on
these data. To confirm these ratio scaled data were size-independent, the strength of
the relationship between the ratio scaled dry-heat losses and body surface area was
determined (Figure 2.12B).The resulting correlation coefficient was close to zero (r=0.08; P>0.05), and indicated that ratiometric scaling removed almost all body-size
effects. Therefore, under the current experimental conditions, it was interpreted that
dry-heat losses normalised to body surface area using ratiometric scaling can be
compared among individuals differing widely in body size without introducing a size
bias.
2.2.3.4 Normalising whole-body sweat rate to body surface area
Whole-body sweat rate varied widely among individuals (188 ±9 g.h-1), and
shared a significant, positive association with body surface area (r=0.52; Figure 2.7;
P<0.05). However, this regression relationship did not possess a zero ordinateintercept and whole-body sweat rates (Equation 2.2) shared a weak, positive
association with body surface area (r=0.26; Figure 2.13B; P>0.05). Whilst the
strength of this association did not approach significance (Figure 2.13B; P>0.05), a
correlation coefficient unequal to zero indicates that these ratio scaled data were not
fully size-independent. Conversely, when adjusted regression analysis was used to
normalise whole-body sweat rate according to the group regression relationship
between whole-body sweating and body surface area (Equation 2.3), the correlation
coefficient between the size-adjusted whole-body sweat rate and body surface area was
zero (Figure 2.13C; P<0.05). These outcomes indicate that ratio scaling does not
fully remove the effects of body surface area on measures of whole-body sweat rate,
and to arrive at truly size-independent data, one must rely on an adjusted regression
analysis to normalise these data.
2.2.3.5 Normalising whole-body sweat rate to body surface area between groups
differing in body size
Ratiometric scaling and analysis of covariance were also used to remove the
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Figure 2.12: The relationship between dry-heat loss and body surface area (A), the
corresponding least-squares, linear regression line for this relationship (solid line) and
the regression line obtained if the ordinate-intercept is forced through zero (dashed
line [ratio line]), as well as the regression equations and coefficients of determination
(r2) for these regressions. The regression relationship between the ratio scaled dryheat losses and body surface area, as well as the corresponding least-squares, linear
regression line for this relationship (dotted line) and correlation coefficient (r) is also
presented (B). Data were derived following 20 min of thermal equilibration (28oC;
37% relative humidity), after which subjects exercised (45 min) at a fixed rate of
metabolic heat production (~135 W.m-2). Data are presented as individual means for
the final 5-min period of each steady-state exercise period (N=36).
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Figure 2.13: The regression relationships between whole-body sweat rate and body surface area (A), ratio scaled sweat rate and body
surface area (B), as well as the size-adjusted sweat rate (derived using adjusted regression; Equation 2.3) and body surface area (C).
The solid line (A) represents the least-squares, linear regression line, corresponding regression equation and coefficient of determination
(r2), while the dashed line represents the ratio line obtained if the ordinate-intercept is forced through zero. The dotted lines (B, C)
correspond to the least-squares, linear regression line for the relationship between normalised whole-body sweat rate and body surface
area (with the correlation coefficient [r] provided). Data are means (N=36) obtained during steady-state exercise (45 min;~135 W.m-2)
performed in warm, dry conditions (28oC; 37% relative humidity) following a thermal equilibration period (20 min).
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effects of body surface area on whole-body sweat rate for subgroups of smaller and
larger individuals (Table 2.8). Metabolic heat production averaged 139 W.m-2 ±2
(smaller) and 137 W.m-2 ±2 (larger), and did not differ significantly between these
groups (P>0.05). Nevertheless, whole-body sweat rate was significantly greater in
the larger group (137 ±2 g.h-1 [smaller] and 156 ±14 g.h-1 [larger]; Figure 2.14A;
P<0.05). However, this between-group difference can be ascribed to differences in
body surface area, which was significantly greater in the larger group (Table 2.8;
P<0.05). Indeed, truly size-independent measures of whole-body sweat rate would
not be expected to differ significantly between each group. Therefore, to evaluate the
utility of both ratiometric scaling and analysis of covariance procedures, normalised
measures of whole-body sweat rate obtained from each of these methods were
compared between each group.
To obtain normalised measures of whole-body sweat rate using ratiometric
scaling, data from both groups were pooled to derive a regression relationship for
whole-body sweat rate and body surface area (Figure 2.15A). However, the ordinateintercept associated with this regression was not equal to zero (-248.7; Figure 2.15A).
As such, it was not surprising that the ratio scaled whole-body sweat rate (g.m-2.h-1)
shared a significant association with body surface area (r=0.54; Figure 2.15B;
P<0.05), and this association confirms that ratiometric scaling was not able to fully
remove the effects of body surface area. Consequently, significant between-group
differences in ratio scaled, whole-body sweat rates remained (85 ±7 g.m-2.h-1
[smaller] and 103 ±5 g.-2.h-1 [larger]; Figure 2.14B; P<0.05). Conversely, when
analysis of covariance was used to partition out the effects of the covariate (body
surface area) on whole-body sweat rate (Equation 2.4), the resulting size-adjusted data
did not correlate significantly with body surface area (Figure 2.15C; P>0.05).
Moreover, the size-adjusted group means obtained using this procedure did not differ
significantly between each group (Figure 2.14C; P>0.05). These outcomes confirm
that arithmetic normalisation cannot fully remove the effects of body size when the
ordinate is unequal to zero, and relying on this method to perform comparisons of
whole-body sweat rate between groups that differ in body size may reveal artificial
Page 86

Figure 2.14: Between-groups comparison of whole-body sweat rate (A), ratio scaled whole-body sweating (B) and whole-body sweat
rate normalised to body size using analysis of covariance (C); Equation 2.4). Data were obtained from two subgroups of smaller (open
bars) and larger subjects (ten per group) following 20 min of thermal equilibration (28oC; 37% relative humidity), after which subjects
completed steady-state exercise (45 min) at a fixed rate of metabolic heat production (~135 W.m-2). All data are means with standard
errors of the means recorded over the duration of exercise. Significant between-group differences are indicated by the symbol (*;
P<0.05).
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Figure 2.15: The regression relationships between whole-body sweat rate and body surface area (A), ratio scaled sweat rate and body
surface area (B), and size-adjusted sweat rates (analysis of covariance; Equation 2.4) and body surface area (C). Data were obtained
from two groups of smaller (open symbols) and larger subjects (N=10 per group) during steady-state exercise at a fixed rate of
metabolic heat production (45 min; ~135 W.m-2) performed under warm, dry conditions (28oC; 37% relative humidity) following a
thermal equilibration period (20 min). The dotted lines (B, C) correspond to the least-squares, linear regression line for the relationship
between normalised whole-body sweat rate and body surface area (with the correlation coefficient [r] provided). All regressions were
derived using data from the smaller and larger subgroups combined (N=20).
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differences. In these instances, whole-body sweat rate should be adjusted for
differences in body surface area using analysis of covariance.
2.2.3.6 Normalising peak oxygen consumption to body mass
Peak absolute oxygen consumption averaged 3.43 L.min-1 (SD 0.60) and
shared a significant, positive association with body mass (r=0.62; Figure 2.9;
P<0.05). However, this relationship displayed evidence of non-linearity and nonconstant error variance (Figure 2.9), and therefore failed the statistical assumptions
required to perform ratiometric scaling or adjusted regression analysis. Since
allometric scaling assumes non-constant error variance (heteroscedasticity) and nonlinearity is present (Equation 2.5), this procedure was used as an alternative. This
involved deriving a scaling exponent for body mass from the slope of the log-linear
regression relationship between body mass and peak oxygen consumption (Equation
2.6; Figure 2.16A; x=0.868). That exponent was then used to scale peak oxygen
consumption to body mass (mL.kg-0.868.min-1; Figure 2.16B). To determine if these
normalised data were size-independent, the strength of the relationship between body
mass and the allometrically scaled peak oxygen consumption (mL.kg-0.868.min-1) was
assessed (Figure 2.16C). These size-adjusted data did not share a significant
association with body mass and displayed a correlation coefficient equal to zero
(Figure 2.16C; P>0.05). These outcomes confirm that peak oxygen consumption
scores cannot be normalised to body mass using ratiometric scaling or adjusted
regression without violating the statistical assumptions associated with those
procedures. However, allometric scaling provides a suitable alternative means to
create mass-independent measures of peak oxygen consumption among individuals of
varying body size.
2.2.4 Discussion
This second theoretical investigation was aimed at identifying the most
effective means of normalising physiological data to remove the confounding effects
of body size, and formed a critical preliminary step in the analysis and interpretation
of data collected throughout this series of experiments. Physiological data obtained
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Figure 2.16: The log-linear regression relationship between logarithmically transformed peak oxygen consumption (Equation 2.6) and
body mass (A), the power-functional relationship between peak oxygen consumption and body mass (B), as well as the relationship
between peak oxygen consumption scaled to body mass raised to the slope of this log-linear relationship (mL.kg-0.87.min-1) and body
mass (C). The solid line represents the least-squares, linear regression line (A), with regression equations and coefficients of
determination (r2), the dashed line represents the power curve and corresponding regression equation and coefficient of determination
(B), and the dotted line represents the least-squares, linear regression line for the relationship between the allometrically scaled peak
oxygen consumption and body mass, and the corresponding correlation coefficient (r) for this relationship (C). Data are the peak
oxygen consumption scores obtained during incremental cycle exercise to volitional exhaustion (N=36).
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from individuals spanning a wide body-size range during the first experiment in this
dissertation (Chapter 3) were brought forward and normalised to body size using
ratiometric scaling, adjusted regression, analysis of covariance and allometry.
Ratiometric normalisation could produce size-independent data only when the
regression relationship possessed a zero ordinate-intercept. Very frequently, this is not
the case. In such instances, adjusted regression analysis, or analysis of covariance for
between-group comparisons, was able to remove body-size effects. However, if the
relationship displays evidence of non-linearity or non-constant error variance,
allometric scaling provides a suitable alternative for creating size-independent data.
These outcomes were used to derive procedures for identifying the most appropriate
method of scaling physiological data collected throughout this series of experiments.
Whilst researchers often rely on arithmetic normalisation to create sizeindependent physiological data (Robinson, 1942; Shvartz et al., 1973; Drinkwater et
al., 1977; Inbar et al., 2004), this procedure will remove the effects of body size on
physiological data only when the regression relationship possesses an zero ordinateintercept (Tanner, 1949; Kronmal, 1993; Karp et al., 2012). In the current study, the
regression relationship between dry-heat loss and body surface area satisfied this
requirement (Figure 2.12A), and therefore, ratiometric scaling was effective in
creating surface area-independent data (Figure 2.13B). The regression relationship
between whole-body sweat secretion and body surface area, however, possessed a
non-zero ordinate-intercept (Figure 2.13A), and ratiometric scaling was, therefore,
unable to fully remove the effects of body size (Figure 2.13B). Subsequently relying
on ratio scaling in such circumstances will lead to the misinterpretation of
experimental data (Tanner, 1949; Kronmal, 1993).
If this zero-ordinate-intercept assumption is not satisfied, size-independent
data can be obtained using adjusted regression analysis within a single group, or
analysis of covariance for between groups comparisons (Henry, 1958; Katch and
Katch, 1974; Toth et al., 1993; Packard and Boardman, 1999). This approach has
also been advocated for a long time. Therefore, it was expected that adjusted
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regression analysis would fully remove the effects of body surface area on whole-body
sweat rate, and this was realised (Figure 2.13C). Moreover, analysis of covariance
was effective in removing the effects of body surface area on whole-body sweat rate
within the smaller and larger subgroups (Figure 2.14C). In fact, the unadjusted wholebody sweat rates differed widely between each group as a function of differences in
body surface area (Figure 2.14A), as did the ratio scaled whole-body sweat rates
(Figure 2.14B), however, the size-adjusted group means derived using analysis of
covariance were not significantly different (Figure 2.14C). This outcome confirms
that the correct interpretation of experimental results is reliant on fully removing the
confounding effects of body size. Under circumstances where the zero ordinateintercept assumption required for arithmetic normalisation is not satisfied, these
procedures are more suitable for deriving size-independent physiological data among
individuals or groups that differ significantly in body size.
In many instances, however, experimental data violate the statistical
assumptions required for adjusted regression and analysis of covariance. Indeed, this
scenario was realised in the current investigation, with the relationship between peak
oxygen consumption and body mass displaying signs of non-linearity and non-constant
error variance (Figure 2.8). In these instances, neither regression analysis nor analysis
of covariance can be used data without introducing error. Allometric scaling, can
instead be used to normalise physiological data (Nevill et al., 1992; Vanderburgh et
al., 1995; Dewey et al., 2008). Therefore, it was anticipated that such scaling would
produce size-independent measures of peak oxygen consumption. This was realised,
with the scaled peak oxygen scores sharing no significant association with body mass
(Figure 2.16C). Moreover, the resulting scaling exponent for body mass derived from
the log-linear relationship between these variables (mL.kg-0.868.min-1; Figure 2.16A)
was almost identical to that computed for the relationship between body mass and
maximal metabolic rate within 34 mammalian species spanning a body mass range of
7 g to 500 kg (mL.kg-0.872.min-1; Weibel et al., 2004). Therefore, when the
assumptions of linear regression are not demonstrably verified, allometric scaling
procedures should be used to create size-independent data.
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Each of these statistical techniques offers a means for removing the effect of
body size on measures of physiological responses. Selecting the most appropriate
procedure, however, is largely dependent on whether or not experimental data satisfy
the statistical assumptions associated with each procedure. When data satisfy linear
regression assumptions, ratiometric scaling (arithmetic normalisation) is suitable,
provided the regression passes through the origin. If this is not met, adjusted
regression, or analysis of covariance for between-groups comparisons, can be used.
However, should these data display evidence of non-linearity or non-constant error
variance (heteroscedasticity), allometric scaling, is the most appropriate approach.
To schematically represent and to simplify this selection process, Figure 2.17
was created. The three steps for selecting the most appropriate scaling procedure are
summarised as follows.
Step1: Prepare scatter, residual and quantile comparison plots of the
physiological variable of interest (y) and the body size variable (x) to
check the assumptions, then determine the linear regression relationship
between the physiological and morphological variables. If non-linearity
or non-constant error variance is present, allometric scaling should be
used (Equation 2.6).
Step 2: If this regression relationship possesses a zero ordinate-intercept,
ratiometric scaling is appropriate for creating size-independent
physiological data (Equation 2.2).
Step 3: If the regression exhibits a non-zero ordinate-intercept, then determine
the nature of the desired comparison. For within-groups comparisons,
adjusted regression analysis (Equation 2.3) should be used. For
between-groups comparisons, analysis of covariance (Equation 2.4),
should be used. For between-groups comparisons, additional test
assumptions of regression slope homogeneity and homogeneity of
variances must also be confirmed.
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Figure 2.17: A flow chart (decision tree) for identifying the correct statistical
procedure to produce size-independent physiological data.
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2.2.5 Conclusions
The aim of this second preliminary investigation was to identify the most
appropriate means to normalise physiological data to body size. These preliminary
considerations were essential for the unbiased interpretation of data collected within
subsequent experiments. Ratiometric scaling was found to be a suitable means of
normalising physiological data when the regression relationship between the
physiological and body size variables possessed a zero ordinate-intercept. If this was
not met, adjusted regression analysis for within-groups comparisons, and analysis of
covariance for between-groups comparisons should be used. If experimental data
display evidence of non-linearity and non-constant error variance, allometry becomes
the most appropriate scaling method. The scaling procedures identified herein will be
utilised to create size-independent data that will permit the unbiased comparison of
heat-loss responses among morphologically diverse participants in subsequent
experimental work.
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2.3 IDENTIFYING WORK INTENSITIES THAT ELICIT EQUIVALENT
BODY TEMPERATURE CHANGES
2.3.1 Introduction
Variations in vasomotor and sudomotor responses occur in response to both
thermal (deep-body and peripheral thermoreceptors; Hellon, 1972; Hensel, 1974) and
non-thermal stimuli (e.g., hydration state, fever; Mekjavic and Eiken, 2006), as well
as various individual factors (e.g., ageing, disease states). Therefore, to quantify the
independent effects of either non-thermal stimuli or specific individual factors on
thermoeffector function in both resting and exercising states, it is necessary to control
thermal feedback by clamping both deep-body and skin temperatures (Jessen, 1981;
Gordon et al., 2004; Cotter and Taylor, 2005), or the mean body temperature, which
represents the weighted summation of these temperatures (Hardy and DuBois, 1938).
However, since the rise in mean body temperature during exercise is influenced
significantly by both exercise intensity (Saltin and Hermansen, 1966; Davies et al.,
1976) and one’s physical characteristics (Wyndham et al., 1964, Shvartz et al., 1973;
Havenith, 2001), this can be challenging in physically heterogeneous populations
(e.g., men and women). Whilst standardising the exercise intensity to a percentage of
peak aerobic power (Havenith and van Middendorp, 1990; Ichinose-Kuwahara et al.,
2010; del Coso et al., 2011) or some anthropometric attribute (Gagnon et al., 2012;
Cramer and Jay, 2014; Adams et al., 2015) can reduce inter-individual variations in
body temperature, comparisons of the work intensities most suitable for eliciting
equivalent body temperature changes in such populations are sparse and incomplete
(Cramer and Jay, 2014; Cramer and Jay, 2015). Since this design requirement is
fundamental for comparisons of thermoeffector function in morphologically diverse
groups, and for the series of experiments that will follow (Chapters 3 and 4), the
focus of this pilot study was to identify the best work intensity for this purpose.
Heat-loss responses were traditionally assessed during treadmill or
bench-stepping exercise at fixed absolute speeds or cadences (Wyndham et al., 1964;
Shvartz et al., 1973; Shapiro et al., 1980; Epstein et al., 1983; Docherty, 1986).
However, since metabolic demand increases with increasing body mass during
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weight-bearing exercise (Bergh et al., 1991; Rogers et al., 1995; Markovic et al.,
2007), the magnitude of body temperature change will be greater in larger subjects
who must dissipate more heat per unit area to meet the required rate of heat loss to
balance this rise in metabolic heat production (total heat-loss requirement). Given that
the extent of thermoeffector activation is proportional to the rise (Boulant, 1996) and
rate of body temperature change (Savard et al., 1985; Olschewski and Brück, 1988),
these individuals would display a greater cutaneous vascular and sweating response.
Whilst non-weight bearing exercise (e.g., cycling) can be employed to reduce this
bias, with subjects cycling at the same speed, metabolic heat production and body
temperature change now becomes greater in smaller individuals (Gagnon et al., 2009),
who must dissipate more heat per unit area to maintain heat balance. Consequently,
both weight bearing and non-weight bearing exercise performed at fixed absolute
speeds are unsuitable for eliciting equivalent body temperature changes in physically
diverse populations.
Since peak aerobic power has been shown to influence deep-body temperature
change during exercise (Saltin and Hermansen, 1966; Gass et al., 1991; Gant et al.,
2003), researchers often set (matched) work intensity to a percentage of peak oxygen
uptake to compare thermoregulatory function in heterogenous populations (Havenith
and van Middendorp, 1990; Falk et al., 1992; Havenith et al., 1998). Although this
approach will better normalise body temperature, the rate of metabolic heat production
and body temperature change remains greater in those individuals possessing a higher
peak oxygen uptake (Gagnon et al., 2008; Jay et al., 2011). This is so because fitter
individuals sharing the same body mass and surface area are required to exercise at a
higher absolute oxygen consumption, and therefore, metabolic heat production.
However, in instances where the experimental subjects possessed a similar peak
aerobic power, but differing body size, matched relative work intensities have been
shown to elicit similar body temperatures (Drinkwater et al., 1977; Frye and Kamon,
1981; Horstman and Christensen, 1982; Ichinose-Kuwahara et al., 2010), Therefore,
this standardisation may be appropriate for minimising inter-individual variations in
body temperature, but only when peak aerobic power is equal across participants.
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Nevertheless, to the extent of the author’s knowledge, this hypothesis has not been
evaluated.
Given that the heat storage capacity of any structure is determined by its
volume and thermal properties, exercise performed at a mass-specific metabolic heat
production rate (i.e., W.kg-1) has recently been recommended as a means to normalise
deep-body temperature change in groups with large differences in both peak aerobic
power and body size (Cramer and Jay, 2014; Cheuvront, 2014; Cramer and Jay,
2015). However, the mass-specific normalisation of any dependent variable will only
fully remove the effects of body size when the least-squares, linear regression
relationship between that variable and body mass displays a proportional relationship
with a zero ordinate intercept (Tanner, 1949; Katch, 1973; Kronmal, 1993; Karp et
al., 2012). Unfortunately, it is well known that the regression relationship between
metabolic demand and body mass generally displays a non-zero ordinate intercept, and
more closely follows a disproportionate (allometric) association during both resting
(Kleiber, 1947; Weibel et al., 2004; White and Seymour, 2005) and exercising states
(Bergh et al., 1991; Rogers et al., 1995; Markovic et al., 2007). Consequently,
neither the arithmetic normalisation of oxygen consumption nor metabolic heat
production to body mass will create size-independent work intensities for every
individual (Tanner, 1949; Katch, 1973). As such, it remains uncertain if mass-specific
work intensities are suitable for minimising inter-individual variations in body
temperature in groups with differing body size.
Whilst heat storage is a function of one’s mass and composition, heat
exchanges between the skin surface and surrounding environment are surface-area
dependent. However, since the specific surface area (i.e., cm2.kg-1) of any object
increases with decreasing size, a standardised mass-specific metabolic heat production
rate will result in a total heat-loss requirement that is greater per unit area in larger
individuals. Subsequently, to ensure this total heat-loss requirement remains equal
across subjects, the work intensity must be standardised to an area-specific metabolic
heat production rate (i.e., W.m-2). Furthermore, metabolic demand is known to share a
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nearly proportional relationship with surface area during submaximal work (Bergh et
al., 1991; Rogers et al., 1995; Markovic et al., 2007). Therefore, the area-specific
normalisation of metabolic heat production or oxygen consumption satisfies the
statistical requirements for arithmetic normalisation to theoretically create a fully sizeindependent work intensity. It follows that under compensable exercise conditions,
where all subjects are capable of meeting this heat-loss requirement, area-specific work
intensities may provide the best method for eliciting equivalent body temperature
changes in morphologically diverse groups, provided all subjects are matched for the
other individual characteristics that independently influence heat storage and exchange
(e.g., age, heat adaptation and disease states).
Since one’s mass and composition will determine the capacity to store heat, and
heat exchange between the skin surface and surrounding environment is a function of
surface area, then the specific surface area is a key determinant of passive heat flux
and body temperature change during work (Docherty et al., 1986; Hayward et al.,
1986; Havenith, 2001). Therefore, normalising either oxygen consumption or
metabolic heat production to specific surface area may provide a novel means for
reducing inter-individual differences in body temperature change among
morphologically diverse populations. However, since expressing metabolic demand per
unit of mass will not fully remove the effects of body size (Tanner, 1949; Katch, 1973;
Kronmal, 1993; Karp et al., 2012), it is possible that this standardisation will also
suffer a size bias. Nevertheless, to the best of the author’s knowledge, this approach
has not been evaluated for this purpose.
Accordingly, the aim of this pilot investigation was to evaluate the use of work
intensities standardised to a percentage of peak aerobic power, body mass, surface area
and specific surface area, as means to minimise inter-individual variations in body
temperature change during thermally compensable exercise conditions among
physically diverse populations. To investigate this aim, body temperatures were
examined in two subject groups with considerable differences in morphology, but of
similar age, aerobic fitness and adiposity, during steady-state cycling at an areaPage 99

specific heat production rate (200 W.m-2) in a compensable environment. By
identifying whether or not this work rate would elicit a matched and clamped body
temperature in these groups, it was possible to indirectly determine the utility of each
of the other work intensity permutations. It was hypothesised that work intensities
standardised to body mass or specific surface area would reduce inter-individual
variations in mean body temperature change when compared to absolute work rates,
whilst work intensities relative to peak aerobic power would further reduce such
variations. However, only area-specific work intensities would yield a matched body
temperature across each group and, therefore, would be the best approach for
standardising body temperature changes in physically diverse populations.
2.3.2 Methods
2.3.2.1 Subjects
Twenty physically-active, but not heat-adapted, males of smaller and larger
body size (ten per group) participated (Table 2.9). The groups comprised of
participants from the first experiment in this series (Chapter 3)4, who were first
recruited from a large University student sample, and selected based on their
morphological configuration so that each group differed by more than 20 kg in body
mass and 0.3 m2 in surface area. The selection criteria included having a
height-adjusted sum of skinfolds less than 88 mm to reduce variations in relative
adiposity (see Section 2.1 for details). To minimise ageing and endurance training
influences, selection was also restricted to individuals 30 years or younger, and to
those who performed aerobic exercise >3 h per week. Furthermore, subjects were not
taking any medication, nor did they have a history of cardiovascular or thermal illness.
Experimental procedures were approved by the Human Research Ethics Committee of
the University of Wollongong (HE13/436), and these were fully explained to the
participants, who provided written, informed consent prior to participating.

4

The subjects involved in this pilot study comprised the first ten smallest and largest participants recruited for the first
experimental study in this dissertation (Chapter 3), and represented a convenient sample of subjects with widely differing
body sizes.
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Table 2.9: Physical characteristics of the smaller and larger groups (ten per group).
Data are means with standard deviations in parentheses, and ranges. Significant
between-group differences are indicated by the symbol (P<0.05).

Age (y)
Mass (kg)
Height (cm)
Surface area (m2)
Mass-specific surface area
(cm.kg-1)

Smaller
Mean (SD)
Range
21 (2)
18-25
64.4 (3.4)
56.3-67.9
172.6 (6.9) 157.2-183.0
1.77 (0.08)
1.56-1.86
274.4 (5.6)

Larger
Mean (SD)
Range
22 (4)
18-30
84.9 (5.4)* 76.6-94.2
186.4 (5.0)* 177.6-192.8
2.10 (0.08)* 1.98-2.25

266.6-282.6 247.7 (8.4)* 236.5-260.8

Height-adjusted sum of
skinfolds (mm)

49.6 (10.7)

41.6-71.4

56.7 (17.4)

40.2-82.4

Mass-specific peak oxygen
consumption (mL.kg-1.min-1)

48.4 (6.0)

40.4-60.0

44.9 (5.7)

36.4-54.4

Scaled peak oxygen
consumption (mL.kg-0.87.min-1) 83.2 (10.6)

69.0-103.7

79.9 (10.0)

65.8-96.2

Note: The sums of six skinfold thicknesses (triceps, subscapular, supraspinale,
abdominal, thigh, calf) were scaled to a common stature (170.18 cm) to derive heightadjusted measures of skinfold thickness and to approximate adiposity (Ross and
Wilson, 1974; Landers et al., 2013). Peak oxygen consumption scores were scaled per
unit of body mass raised to the exponent of 0.87 (after Weibel et al., 2004; see details
in Chapter 3, Section 3.2.2.3).
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2.3.2.2 Procedures
Subjects completed one experimental trial under warm, dry environmental
conditions (28.1oC [SD 0.2], 37.7% relative humidity [SD 2.6]) with limited air
movement (<0.5 m.s-1). The trial commenced with a period of seated rest (20 min) in
a semi-recumbent position behind an electronically braked cycle ergometer (Excalibur
Sport, Lode B.V., Groningen, The Netherlands). Subjects then cycled at a constant
frequency (60 rev.min-1) for 45 min at a fixed and clamped metabolic heat production
rate of ~200 W.m-2 (metabolic rate - external work rate). The external work rate was
matched for all participants, relative to body surface area, and was selected, in
combination with the ambient conditions, to elicit a compensable state where all
individuals could meet the rate of heat loss required to attain heat balance. Since each
participant acted as their own control, the time each trial was conducted was controlled
within, but not between subjects, with trials commencing either in the morning
(smaller: N=3, larger: N=5) or afternoon (smaller: N=7, larger: N=5).
Prior to commencing, and on a separate day, each participant completed an
anthropometric assessment and an incremental exercise test. The anthropometric
assessment included measures of height and body mass, which were used to
approximate body surface area (Equation 2.1; DuBois and DuBois, 1916). Skinfold
thicknesses (mm) were also measured at six locations (triceps, subscapular,
supraspinale, abdominal, thigh and calf) and used to obtain the height-adjusted sum of
skinfolds (170.18 / height * [sum of six skinfolds]; Ross and Wilson, 1974; Landers et
al., 2013), which represented each individual's relative adiposity (see Section 2.1 for
details). Additionally, subjects completed an incremental exercise test to volitional
fatigue in a semi-recumbent position behind an electronically braked ergometer to
determine peak oxygen consumption.
2.3.2.3 Experimental standardisation
Subjects were instructed to refrain from strenuous exercise and the
consumption of alcohol and tobacco during the 12-h period prior to each trial. On the
night preceding each trial, subjects were instructed to drink 15 mL.kg-1 of additional
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water before retiring (1.125 L for a 75-kg person), and to eat an evening meal and
breakfast high in carbohydrate and low in fat. Subjects were provided with dietary
recommendations to ensure this standardisation requirement was satisfied. In the
morning preceding the experiment, participants were required to drink 500 mL of fluid
(in any form) with breakfast. Participants were also required to refrain from caffeine
consumption for 2 h before presentation.
On presentation, an isotonic drink was provided (10 mL.kg-1, sodium-chloride
concentration: 40-45 mmol.L-1) after which urine specific gravity was measured
(Clinical Refractometer no. 140, Shibuya Optical Co., Tokyo, Japan) to confirm
subjects were adequately hydrated. Pre-experimental urine specific gravity averaged
1.019 (SD 0.00) and 1.018 (SD 0.01) for the smaller and larger groups (respectively).
To maintain a standardised hydration state during testing, subjects consumed 4 mL.kg-1
of this isotonic drink at the mid-point of the trial, served at chamber temperature
(28oC).
2.3.2.4 Measurements
2.3.2.4.1 Ambient conditions
A climatic-controlled chamber with limited air movement (<0.5 m.s-1) was
used to regulate and maintain air temperature (28.1oC [SD 0.2]), and relative humidity
(37.7% [SD 2.6]; water vapour pressure 1.4 kPa). Radiant (black globe) temperature
was monitored at the level of the subject (Type EU; Yellow Springs Instruments Co.
Ltd., Yellow Springs, Ohio, U.S.A.), and was within 0.5oC of air temperature
throughout all trials (28.5oC [SD 0.4]).
2.3.2.4.2 Body temperatures
Deep-body temperature was monitored using an ear-moulded plug with a
thermistor protruding 1 cm (Edale Instruments Ltd., Cambridge, U.K.), positioned
within the external auditory meatus (auditory canal temperature) and insulated with
cotton wool. These procedures isolate the auditory canal from thermal artefacts,
permitting that temperature to closely track oesophageal temperature in these
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conditions (Figure 3.3; Cotter et al., 1995, Todd et al., 2014). Data were logged at
15-s intervals using a 16-channel data logger (Grant Instruments Ltd., 1206 Series
Squirrel, U.K.), and later downloaded to computer.
Skin temperatures were also measured from eight skin sites (forehead, chest,
scapula, upper arm, dorsal forearm, dorsal hand, thigh and calf; Type EU; Yellow
Springs Instruments Co. Ltd., Yellow Springs, Ohio, U.S.A.). These data were
collected at 15-s intervals (1206 Series Squirrel; Grant Instruments Ltd., Cambridge,
U.K.). Mean skin temperature was derived from a weighted summation of the eight
local temperatures (Equation 3.1; ISO 9886, 1992). In addition, mean body
temperature was calculated as 80% of the deep-body, plus 20% of the mean skin
temperature (Hardy and DuBois, 1938). Mean body temperature change during
exercise was calculated as the difference between the body temperature recorded
during the final 5 min of the steady-state exercise period and the pre-exercise rest
period. Prior to experiments, all thermistors were calibrated against a certified
reference thermometer (see Chapter 3, Section 3.2.3.2.4 for details).
2.3.2.4.3 Oxygen consumption and carbon dioxide production
Expired gases and air flows were analysed continuously using a respiratory gasanalysis system (TrueOne 2400, ParvoMedics Inc., Utah, U.S.A.), and used to derive
oxygen consumption, carbon dioxide production and minute ventilation as 15-s
averages. The analysers were calibrated before each trial using alpha gas standards
(15.97% oxygen, 4.03% carbon dioxide, balance nitrogen). Expired gas collection was
briefly interrupted (~5 min) at the midway point of the exercise period to consume
fluids. Data were expressed in absolute terms (L.min-1), as a relative percentage of
peak aerobic power (%), and per unit mass (mL.kg-1.min-1), surface area (mL.m-2.min1

) and specific surface area (mL.cm-2.kg-1.min-1).

2.3.2.4.4 Indirectly derived heat production
Metabolic rate (M) was calculated from measures of carbon dioxide and oxygen
consumption (Nishi, 1981; Equation 3.4). The rate of metabolic heat production (Hprod)
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was derived by subtracting the external work rate (W) from the metabolic rate (M) and
expressed as watts (W). This was then normalised to surface area (W.m-2), body mass
(W.kg-1) and specific surface area (W.cm-2.kg-1). External work was regulated during
exercise using an electronically braked ergometer (Excalibur Sport, Lode B.V.,
Groningen, The Netherlands) to maintain metabolic heat production (Hprod: [M-W]) at
~200 W.m-2 for each participant.
2.3.2.5 Data analysis
All data were collected throughout trials and averaged over 1-min intervals.
Between-group differences in subject characteristics were compared using unpaired
t-tests. A two-way, mixed-model analysis of variance was conducted to identify
whether a main effect for the repeated factor of time (ten levels: 0 [baseline], 5, 10,
15, 20, 25, 30, 35, 40 and 45 min of exercise) and for the non-repeated factor of
group (two levels: smaller and larger body size) was present for body temperatures,
oxygen consumption and heat production. Sources of significant difference were
isolated using unpaired t-tests (group) and Tukey’s HSD statistic (time). Test
assumptions of normality and homoscedasticity were determined within each group by
inspecting quantile-comparison and residual plots (see Section 2.2.3.2 for details).
Homogeneity of variance was confirmed between each group using Levene’s test
(Levene, 1961). Alpha was set at the 0.05 level for all statistical comparisons, with
data reported as means and standard errors of the means (±) unless stated otherwise
(standard deviation [SD]).
2.3.3 Results
2.3.3.1 Subject characteristics
To thoroughly evaluate the utility of each of these standardised work
intensities, it was essential that the smaller and larger subject groups differed
considerably in morphology, but were matched for the secondary factors that may
independently alter heat production and exchange. This design requirement was
achieved, with body mass, height, body surface area and mass-specific surface area
differing significantly between the smaller and larger groups (Table 2.9; P<0.05).
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However, age, the height-adjusted sum of skinfolds and peak aerobic power were
similar between groups (Table 2.9; P>0.05).

2.3.3.2 Body temperatures: area-specific work rate
Deep-body (Figure 2.18A) and mean skin temperatures (Figure 2.18B), as well
as mean body temperature (Figure 2.18C) and its change (Figure 2.18D) differed
significantly across time points (P<0.05). However, post-hoc comparisons revealed
that none of the body temperatures between 20 and 45 min during exercise differed
significantly across those time points (P>0.05). The only exception was mean skin
temperature, where time points were similar only between 40 and 45 min (Figure
2.18B; P>0.05). These outcomes indicate that deep-body and mean body temperature
reached a steady-state following 20 min of continuous exercise, while mean skin
temperature was stable only within the final 5 min of exercise. In addition, none of
these body temperatures differed between groups (P>0.05), and therefore confirmed
that all body temperatures were matched between the smaller and larger groups
throughout exercise (Figure 2.18; P>0.05). This was important, because thermal
stability and matching represent critical design requirements.
2.3.3.3 Oxygen consumption: area-specific work rate
Oxygen consumption expressed in absolute terms (Figure 2.19A), per unit mass
(Figure 2.19B), surface area (Figure 2.19C) and specific surface area (Figure 2.19D),
and when expressed as a percentage of peak aerobic power (Figure 2.20A), differed
significantly across time points (P<0.05). Nevertheless, these data were similar
between 15 to 45 min (P>0.05), and indicated that a steady-state heat production was
attained following 15 min of continuous exercise. Absolute and mass-specific oxygen
consumption differed significantly between groups (P<0.05), with absolute oxygen
consumption being greater in the larger group throughout exercise (Figure 2.19A;
P<0.05), while mass-specific oxygen consumption was significantly greater in the
smaller group at rest, and also at 30 min and 40 min during exercise (Figure 2.19B;
P<0.05). Oxygen consumption normalised to specific surface area was also greater in
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Figure 2.18: Deep-body (A), mean skin (B), mean body temperature (C) and mean
body temperature change (D) during exercise performed at a fixed, area-specific
metabolic heat production rate (~200 W.m-2) in a warm, dry environment (28oC, 38%
relative humidity) for the smaller (black symbols and lines) and larger subject groups.
Data are presented as average response curves (sampled at 1-min intervals) with
standard errors of the means provided at 5-min intervals (ten per group). No
significant between-group differences were realised (P>0.05).
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Figure 2.19: Oxygen consumption expressed in absolute terms (A), and standardised
to body mass (B), surface area (C) and specific surface area (D) and presented for
smaller (black symbols and lines) and larger subject groups. Data are average response
curves (sampled at 1-min intervals) with standard errors of the means provided at 5min intervals (ten per group) during exercise performed at a fixed, area-specific
metabolic heat production rate (~200 W.m-2) in a warm, dry environment (28oC, 38%
relative humidity). Interruptions in data collection are indicated by the dotted lines.
Significant between-group differences are indicated by the horizontal lines (for blocks
of consecutive data points) and symbols (for individual points; P<0.05).
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Figure 2.20: Oxygen consumption, expressed as a percentage of peak aerobic power,
and presented for the smaller (black symbols and lines) and larger subject groups (A)
during exercise performed at an area-specific metabolic heat production rate of ~200
W.m-2 under warm, dry conditions (28oC, 38% relative humidity). These data are also
presented for the smaller group and a third group (B), which was comprised of the
larger group, but now with a mass-specific peak aerobic power that was adjusted to
equal that of a sedentary individual (~35 mL.kg-1.min-1; Wang et al., 2010). This
created a considerable difference in peak oxygen uptake between these groups. Data
are presented as average response curves (sampled at 1-min intervals) with standard
errors of the means provided at 5-min intervals (ten per group). Technical
interruptions in data collection are indicated by the dotted lines. Significant betweengroup differences are indicated by the horizontal line and symbol (P<0.05).
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the larger group at rest and throughout exercise (Figure 2.19D; P<0.05). However,
area-specific oxygen consumption (Figure 2.19C) and oxygen consumption expressed
as a percentage of peak aerobic power (Figure 2.20A) did not differ significantly
between each group (P>0.05).
Since it was anticipated that a fixed area-specific metabolic heat production rate
would correspond to a percentage of peak aerobic power that would be similar between
subject groups possessing a matched peak oxygen uptake (Figure 2.20A), further
predictive analysis was performed to identify whether or not this outcome would differ
if these groups displayed large differences in aerobic fitness (Figure 2.20B). For this
purpose, a third subject group (larger, low-fitness group) was created by assigning the
larger group a mass-specific peak aerobic power equivalent to that of the lower 20th
percentile for males aged 20-49 years (~35 mL.kg-1.min-1; Wang et al., 2010). This
resulted in the average mass-specific peak oxygen uptake of the smaller group (48.4
ml.kg-1.min-1 [SD 6.8]) being significantly greater than the hypothetical larger, lowfitness group (35.0 mL.kg-1.min-1 [SD 0.0]; P<0.05). Following this theoretical
treatment, the corresponding percentage of peak aerobic power was significantly
greater throughout exercise in the larger, low-fitness group (Figure 2.20B; P<0.05).
This outcome confirms that exercise performed at percentages of peak oxygen uptake
would create systematic differences in body temperature when the subject groups or
individuals under investigation possessed significant differences in peak oxygen
consumption.
2.3.3.4 Indirectly derived (theoretical) heat production and exchange
2.3.3.4.1 Metabolic heat production: area-specific work rate
Metabolic heat production expressed in absolute terms, and when standardised
to body mass, surface area and mass-specific surface area during exercise differed
significantly from baseline (Figure 2.21; P<0.05). However, these data did not differ
significantly across time points throughout exercise (P>0.05), and confirmed that
metabolic heat production was stable. Absolute and mass-specific heat production
differed significantly between groups (P<0.05), with the larger group displaying
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Figure 2.21: Metabolic heat production expressed in absolute terms (A), per unit body
mass (B), surface area (C) and specific surface area (D). Data are presented for the
smaller (black symbols and lines) and larger groups as average response curves
(sampled at 1-min intervals) with standard errors of the means provided at 5-min
intervals (ten per group) during exercise performed at a fixed, area-specific metabolic
heat-production rate (~200 W.m-2) in a warm, dry environment (28oC, 38% relative
humidity). Technical interruptions in data collection are indicated by the dotted lines.
Significant between-group differences are indicated by the horizontal lines (for blocks
of consecutive data points) and symbols (for individual points; P<0.05).
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greater absolute heat production at baseline and at minutes 10, 15, 35, 40 and 45
during exercise (Figure 2.21A; P<0.05), while mass-specific heat production was
significantly greater in the smaller group at minutes 25, 30, 35, 40 and 45 (Figure
2.21B; P<0.05). Heat production standardised to specific surface area was also
greater in the larger group throughout exercise (Figure 2.21D; P<0.05).
2.3.4 Discussion
If one considered only the recently published research on this topic (i.e.,
Cramer and Jay, 2014; Cheuvront, 2014; Cramer and Jay, 2015), then one would
probably arrive at the interpretation that the best way to standardise the work rate to
elicit matched body temperature changes across physically diverse populations during
exercise would be to normalise metabolic heat production to body mass. However, we
wondered whether such a method could provide the best solution. Therefore, in this
pilot study, work intensities standardised to a percentage of peak aerobic power,
surface area and specific surface area were evaluated as alternative means for
minimising inter-individual variations in body temperature in smaller and larger
subjects exercising in a compensable environment. It was hypothesised that mean body
temperature change would be stable and matched between these groups at an areaspecific work rate, and this was accepted (Figure 2.18D). Since this work intensity
corresponded to a percentage of peak oxygen uptake that did not differ significantly
between these groups (Figure 2.20A), this standardisation was also confirmed to be
adequate, provided all participants possess a similar mass-specific peak aerobic power
(Figure 2.20B), and this is an important caveat. However, this area-specific work rate
represented rates of oxygen consumption (Figure 2.19B; Figure 2.19D) and metabolic
heat production (Figure 2.21B; Figure 2.21D) that differed significantly between these
groups when normalised to body mass and specific surface area. Whilst exercise at
either of these work intensities would be more effective than exercising at absolute
work rates, these intensities would still result in systematic differences in area-specific
metabolic heat production and body temperature change in morphologically diverse
populations. Accordingly, area-specific metabolic heat production rates will be used in
experiments one (Chapter 3) and two (Chapter 4) of this series to elicit the stable and
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matched body temperature required to independently examine the possible
morphological and gender dependency of cutaneous vascular and sudomotor responses.
2.3.4.1 Absolute work rates
It is now well known that, when exploring thermal and non-thermal
mechanisms that modulate cutaneous vascular and sudomotor responses, efforts must
be made to stabilise and clamp both skin and deep-body temperatures (Jessen, 1981;
Gordon et al., 2004; Cotter and Taylor, 2008). However, this is not always easy,
particularly during exercise, so researchers conventionally evaluate these responses at
the same fixed absolute work rates (Shvartz et al., 1973; Epstein et al., 1983;
Havenith and van Middendorp, 1990; Falk et al., 1992; Havenith et al., 1995).
Unfortunately, that approach causes systematic differences in body temperature in
morphologically diverse groups (Gagnon et al., 2008; Cramer and Jay, 2014). This
was also observed in the current study. Indeed, mean body temperatures were similar
between the smaller and larger groups only when exercise was performed at an areaspecific heat production rate (Figure 2.18C), which corresponded to absolute rates of
oxygen consumption (Figure 2.19A) and metabolic heat production (Figure 2.21A)
that were significantly greater in those larger individuals throughout exercise.
Consequently, non-weight bearing exercise performed at the same fixed absolute work
rates would increase the area-specific metabolic heat production rate and body
temperature change in smaller individuals who will store and must then dissipate more
heat per unit size to prevent body temperatures from rising. As such, this approach
was confirmed to be inadequate for comparing thermoeffector responses in physically
diverse populations.
2.3.4.2 Mass-specific work intensities
More recently, the mass-specific normalisation of metabolic heat production
has been recommended as a means to elicit similar deep-body temperature changes
among groups with significant differences in body size and peak aerobic power in
similarly compensable environments (Cramer and Jay, 2014; Cramer and Jay, 2015).
In the current study, however, body temperature was matched and clamped only when
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exercise was performed at an area-specific heat production rate, which corresponded to
mass-specific rates of oxygen consumption (Figure 2.19B) and metabolic heat
production (Figures 2.21B) that were significantly greater in smaller individuals
throughout exercise. Although the participants in the current investigation possessed
the same peak aerobic power, this outcome indicates that, while mass-specific work
intensities may better normalise body temperatures than fixed absolute work rates, this
work intensity would still elicit a greater area-specific metabolic heat-production rate
and body temperature change in larger individuals.
One possible explanation for this conflicting outcome relates to the allometric
(non-linear) association that exists between metabolic demand and body mass (Kleiber,
1947; Weibel et al., 2004; White and Seymour, 2005). Unlike surface area, which
generally shares a proportional relationship with oxygen consumption during
submaximal work, metabolic demand increases at a slower rate within individuals of
increasing body mass (Bergh et al., 1991; Rogers et al., 1995; Markovic et al., 2007).
Consequently, expressing metabolic heat production per unit mass will, quite
predictably, under-adjust these data in larger subjects (Katch, 1973; Packard and
Boardman, 1999), and increase the relative metabolic heat-production rate and body
heat storage in these individuals. Therefore, another approach is required to normalise
work intensities to elicit equivalent body temperature changes.
2.3.4.3 Work at a relative percentage of peak oxygen uptake
To understand individual differences in thermoeffector function in heterogenous
samples, work intensities are commonly set to a percentage of peak aerobic (Havenith
and van Middendorp, 1990; Falk et al., 1992). However, this standardisation may
only reduce inter-individual variations in body temperature among groups with a
similar mass-specific peak aerobic power (Drinkwater et al., 1977; Frye and Kamon,
1981; Ichinose-Kuwahara et al., 2010). Since mass-specific peak aerobic power was
similar between the experimental groups in the current study (Table 2.9), it was
anticipated that this standardisation would also be suitable for minimising interindividual variations in body temperature. This prediction was realised, with mean
Page 114

body temperature change being matched across these groups (Figure 2.18D).
Conversely, when the larger group was assigned a lower mass-specific peak aerobic
power than the smaller group, the relative exercise intensity of that group was
significantly greater (Figure 2.20B). Indeed, this approach appears to be inadequate
when participants possess a significantly different mass-specific peak oxygen uptake.
2.3.4.4 Area-specific work intensities
Metabolic demand shares a nearly proportional relationship with surface area
during submaximal work, with that regression displaying a zero ordinate intercept
(Bergh et al., 1991; Rogers et al., 1995; Markovic et al., 2007). Therefore,
expressing metabolic data per unit area satisfies both of these statistical requirements,
and is a physiologically appropriate justification for arithmetic normalisation to
produce size-independent work intensities (Tanner, 1949; Katch, 1973; Kronmal,
1993; Karp et al., 2012). Moreover, since heat exchanges between the skin surface
and surrounding environment are area dependent, this standardisation ensures that the
total heat-loss requirement will also be proportional to each individual’s body surface
area. Accordingly, in a thermally compensable environment, where all participants are
capable of satisfying this heat loss, it was anticipated that body temperatures would be
similar for the smaller and larger groups. This prediction was realised, with deep-body
(Figure 2.18A), mean skin (Figure 2.18B), mean body temperature (Figure 2.18C)
and mean body temperature change (Figure 2.18D) being similar between each group
throughout exercise, and stable within the final 5-min of exercise. Whilst this
standardisation has previously been shown to elicit similar body temperatures among
experimental groups with heterogenous physical characteristics (Gagnon et al., 2012;
Adams et al., 2015), this experiment is believed to be the first to establish the utility of
this method in subject groups with considerable differences in body size, but who were
matched for the other individual characteristics (e.g., age, adiposity, aerobic fitness,
acclimation state) that may influence heat storage.
2.3.4.5 Allometrically scaled mass-specific work intensities
To ensure mass-specific work intensities are fully size-independent, the rate of
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metabolic heat production must be scaled allometrically to body mass (Huxley, 1932;
Kleiber, 1947; Taylor et al., 1981; Nevill et al., 1992; see Section 2.2.1.4 for details).
Allometric scaling accounts for the disproportionate relationship between metabolic
demand and body mass by expressing metabolic data (y) per unit mass (x) raised to an
exponent (b) using a power function model (y.x-b). Since area-specific normalisation
was found to be effective in eliciting equivalent mean body temperatures between these
groups (Figure 2.18C), then the possibility was considered that the scaling of oxygen
consumption or metabolic heat production to body mass raised to the exponent 0.67
(i.e., mL.kg-0.67.min-1, W.kg-0.67), which was derived from the dimensional relationship
between surface area and body mass5, might remove this bias. To test the utility of this
procedure, metabolic heat production (Figure 2.22A) and absolute oxygen
consumption data (Figure 2.22B) were reanalysed using that scaling exponent. The
resulting data did not differ significantly between each group throughout exercise
(P<0.05), and indicate that scaling mass-specific metabolic data in this manner would
ensure that area-specific metabolic heat production and body temperature changes were
similar across physically heterogenous groups. Therefore, this method was also
statistically and physiologically correct.
2.3.4.6 Work normalised to specific surface area
Given that heat exchange and storage are tightly linked to the ratio of surface
area to mass, and that ratio is known to be a key determinant of body temperature
change at the same fixed absolute work rate (Shvartz et al., 1973; Epstein et al., 1983;
Falk et al., 1992; Havenith, 2001), standardising work intensity to specific surface
area has teleological appeal as a novel means to minimise inter-individual differences
in body temperature. It was initially considered that this procedure might prove to be
the most useful. However, since mass-specific normalisation will not fully remove the
effects of body size on metabolic demand (Tanner, 1949; Katch, 1973; Kronmal,
1993; Karp et al., 2012) unless allometric scaling is performed (Figure 2.22), it
5
This exponent was derived from the geometric relationship between area and volume in isometric objects by expressing the
measurement units of surface area and body mass as linear dimensions (after: Schmidt-Nielsen, 1984). Since surface area
(m2) is equal to length squared (length2), and mass (kg), which was assumed to be equal to volume, is equal to length cubed
(length3), area was expressed as a function of mass to derive this scaling exponent (area [length2] / mass [length3] = mass2/3
or mass0.67).
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Figure 2.22: Metabolic heat production (A) and oxygen consumption (B) scaled to
body mass raised to the exponent 0.67. That exponent was obtained from the
geometric association between surface area and volume (after Schmidt-Nielsen, 1984;
see main text). Data are presented for the smaller (black symbols and lines) and larger
groups during exercise performed at a fixed, area-specific metabolic heat production
rate (~200 W.m-2) in a warm, dry environment (28oC, 38% relative humidity).
Interruptions in data collection are indicated by the dotted lines. Data are average
response curves (sampled at 1-min intervals) with standard errors of the means
provided at 5-min intervals (ten per group).
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became apparent that this method would not provide a better way to normalise body
temperature changes, and this prediction was also realised. Indeed, in the current
study, body temperatures were matched and clamped only at an area-specific metabolic
heat production rate, which represented rates of oxygen consumption (Figure 2.19D)
and metabolic heat production (Figure 2.21D) expressed per unit of specific surface
area that were significantly greater in the larger group. Consequently, work intensities
standardised to the specific surface area would result in a greater area-specific
metabolic heat production rate and body temperature change in smaller individuals
who possess a higher specific surface area. As such, this approach was found to be no
more effective for minimising inter-individual variations in body temperature than a
mass-specific work intensity.
2.3.4.7 Work intensities to elicit equivalent body temperature changes in
uncompensable environments
Finally, it is important to emphasise that exercise performed at area-specific
intensities may only elicit equivalent body temperatures in thermally compensable
states. During continuous exercise in hot, humid environments that promote dry-heat
gain and restrict sweat evaporation, the total heat-loss required to maintain heat
balance will often exceed the body’s physiological capacity to dissipate heat, and body
temperature will continue to rise as exercise progresses. Under such conditions, body
temperature must be externally regulated at a fixed level throughout exercise by
altering metabolic heat production (Fox et al., 1963; Patterson et al., 2004),
extraneous heat sources (Cotter and Taylor, 2005), or a combination these techniques
(Taylor, 2014). However, since external heat sources (e.g., water-perfused suits) may
artificially influence the derivation of dry- and evaporative-heat exchanges using
partitional calorimetry, it is more desirable to rely solely on the control of metabolic
heat production to clamp body temperature. Therefore, within the final experiment in
this series (Chapter 5), the influence of body morphology on the magnitude of
thermoeffector adaption following heat acclimation will be examined in an
uncompensable environment during exercise performed at metabolic heat production
rates that will be controlled throughout trials to clamp body temperature.
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2.3.5 Conclusions
Since the most appropriate experimental design to thoroughly and
unequivocally investigate thermoeffector control involves thermal clamping, then the
use of work intensities standardised to a percentage of peak aerobic power, body mass,
surface area and specific surface area were evaluated. Two subject groups with
significant differences in body size, but of similar age, endurance fitness and adiposity
were studied during exercise at a fixed area-specific metabolic heat production rate.
Work intensities standardised to either mass or specific surface area would create
systematic differences in body temperature in these groups, unless allometric scaling is
performed. Work performed at a percentage of peak oxygen uptake was found to be a
better approach for reducing inter-individual variations when mass-specific peak
aerobic power was similar across groups. However, area-specific standardisation
yielded a matched body temperature across these groups and was considered to be the
best approach for comparing thermoeffector responses during exercise and in the
presence of equivalent thermoafferent drive among physically heterogenous
populations (e.g., adults and children, men and women) in compensable conditions.
Therefore, this work intensity was used in the series of experiments to follow
(Chapters 3 and 4).
Having now identified the most appropriate means to assess body adiposity,
normalise physiological data to body size and standardise work intensity to elicit
matched body temperature across participants, the next project in this dissertation is
aimed at identifying the relative contribution of body morphology to steady-state
cutaneous vascular and sudomotor responses among individuals spanning a wide body
size range under compensable exercise conditions. The preliminary considerations
addressed herein will not only be utilised to minimise inter-individual variations in
body adiposity during subject selection for this experiment, but also to create sizeindependent data that will permit the unbiased comparison of heat-loss responses
among these individuals. Moreover, to ensure the total heat-loss requirements and
mean body temperature changes are matched and clamped across all participants,
subjects will be required to perform non-weight bearing exercise at fixed, area-specific
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heat-production rates. With these design considerations, the possible influence of
morphology on vasomotor and sudomotor activity can be isolated without the possible
extraneous influence of variations in body adiposity, and in the presence of equivalent
thermoafferent drive.
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CHAPTER 3: MORPHOLOGICAL DEPENDENCY OF CUTANEOUS BLOOD
FLOW AND SWEATING DURING COMPENSABLE HEAT STRESS WHEN
HEAT-LOSS REQUIREMENTS ARE MATCHED ACROSS PARTICIPANTS6
3.1 INTRODUCTION
The capacity to store heat is size dependent, with larger objects being more
thermally stable, and resisting rapid and significant temperature changes. On the other
hand, the avenues for physical heat exchange are surface-area dependent. Therefore,
for geometrically dissimilar objects of identical composition, heat exchange and
storage are tightly linked to the ratio of surface area to mass (mass-specific or specific
surface area). These principles also relate to allometric structures, including humans.
However, few have considered the possibility that the autonomically driven avenues
for heat exchange (vasomotor and sudomotor function) might also share a
morphological dependence. Indeed, whilst our ability to explain inter-individual
variations in thermoeffector responses is comprehensive (Taylor and
Machado-Moreira, 2013; Johnson et al., 2014), we possess a limited understanding of
the contribution of body morphology to that modulation. Although this information
must represent a cornerstone for interpreting group comparisons (e.g., gender and
age), as well as the foundation upon which physiological adaptations develop,
systematic research of this fundamental relationship remains surprisingly sparse, and
often incomplete (Havenith and van Middendorp, 1990; Havenith et al., 1995;
Cramer and Jay, 2014; Cramer and Jay, 2015). Therefore, the focus of this project
was to provide a detailed evaluation of the body-size dependency of cutaneous
vascular and sweating responses within individuals of widely varying size.
Whilst the suggestion that thermal homoeostasis may be linked with body
morphology is not novel (Wyndham et al., 1964; Taylor, 1974), previous studies
have primarily focussed on body temperature regulation (Docherty et al., 1986;

6
The contents within this chapter have been communicated elsewhere (Notley, S.R., Park, J., Tagami, K., Ohnishi, N., and
Taylor, N.A.S. (2016). Morphological dependency of cutaneous blood flow and sweating during compensable heat stress
when heat-loss requirements are matched across participants. Journal of Applied Physiology. 121:25-35) with some expansion
herein.
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Hayward et al., 1986; Havenith, 2001). Although some groups have compared
forearm blood flow (Havenith and van Middendorp, 1990; Falk et al., 1992; Havenith
et al., 1995) and whole-body sweating (Shvartz et al., 1973; Epstein et al., 1983) in
people of varying size, participants in those investigations performed exercise at either
the same absolute or relative work rates. Unfortunately, such workloads frequently
represent unequal requirements for heat loss in those who differ significantly in size
(Cramer and Jay, 2014; Cramer and Jay, 2015). Furthermore, those investigations
typically involved individuals differing not only in body size, but also in secondary
factors that may independently influence thermoeffector function (e.g., age and
aerobic fitness). Whilst one group has recently compared sweating responses in
smaller and larger individuals matched for some of these secondary factors (Cramer
and Jay, 2014), that project did not consider cutaneous vasomotor function, nor did it
involve the examination of individuals spanning the body size range required to fully
elucidate the morphological dependency. Moreover, neither that study (Cramer and
Jay, 2014) nor its recent iteration (Cramer and Jay, 2015) were designed to provide
an unequivocal assessment of the relationship between body morphology and the
autonomically mediated heat-loss responses. To achieve that, thermal clamping is
required so that both thermoeffector functions can be simultaneously assessed in the
presence of equivalent thermoafferent drive across participants; Cramer and Jay
(2015) reported a five-fold variation in deep-body temperature across subjects. To our
knowledge, no one has attempted such an experiment using individuals evenly
distributed across adult body sizes, and under steady-state conditions that evoked
equivalent heat-loss requirements.
Since the mass-specific surface area increases as body size decreases, smaller
individuals possess a morphological configuration that is suited to dry-heat dissipation
under compensable thermal conditions, and may perhaps be less reliant upon
sweating. In this circumstance, cutaneous vascular responses may be preferentially
recruited, resulting in fluid conservation (Wyndham et al., 1964; Docherty et al.,
1986; Rowland, 2008). Conversely, larger individuals, who have a lower massspecific surface area, but more fluid per unit area (Watson et al., 1980), may be
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forced to rely more heavily on the sweating mechanism. Such an hypothesis has
teleological appeal from ecological (Allen, 1877) and thermal-adaptation perspectives
(Taylor, 2006).
Accordingly, the purpose of this investigation was to identify to what extent
differences in morphology may help to explain the relative contributions of the
vasomotor and sudomotor heat-loss responses within morphologically different
individuals. It was hypothesised that participants with a greater mass-specific surface
area would depend more upon the vascular mechanism (convective heat delivery)
whilst concurrently displaying a reduced sudomotor contribution (Chapter 1,
Hypothesis 1), and this morphological dependency would explain a significant
proportion of individual vasomotor and sudomotor variances (Chapter 1, Hypothesis
2). To test these hypotheses, both thermoeffector responses were simultaneously
examined in thermally clamped individuals of widely variable size, but with similar
phenotypic characteristics for other factors known to influence heat production and
heat storage, during two levels of compensable, steady-state cycling.
3.2 METHODS
3.2.1 Subjects
Thirty-six young, physically-active and healthy, but not heat-adapted, adult
males of similar adiposity, but varying body size, participated in this study (Table
3.1). This was a single-gender study due to the size of the project and the need to
standardise hormonal influences on thermoregulatory function. Subjects were first
recruited from a large University student sample, and then selected based on their
morphological configuration, so that they represented a broad range, and even
distribution, of mass-specific surface areas (Figure 3.1A). The first selection criterion
was aimed at reducing variations in adiposity, with an inclusion threshold for the
height-adjusted sum of six skinfold thicknesses being <88 mm (Ross and MarfellJones, 1991; Landers et al., 2013; see Chapter 2, Section 2.1 for details). This
represented the 60th percentile for the corresponding age- and gender-specific
Caucasian population (Bailey et al., 1982), with participants having an adiposity
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Table 3.1: Physical characteristics of the population sample (N=36). Data are means
with standard deviations in parentheses, and ranges.
Mean (SD)

Range

21 (3)

18-30

75.0 (10.3)

56.3-94.2

179.4 (8.2)

157.2-192.8

1.94 (0.17)

1.56-2.25

Mass-specific surface area (cm .kg )

259.9 (15.2)

232.3-292.7

Sum of six skinfold thicknesses (mm)

58.1 (15.4)

42.0-90.0

Height-adjusted sum of skinfolds (mm)

55.2 (14.5)

39.7-88.0

3.43 (0.60)

2.03-4.62

80.3 (11.1)

57.9-105.8

Age (y)
Mass (kg)
Height (cm)
2

Surface area (m )
2

-1

Absolute peak oxygen consumption (L.min-1)
Peak oxygen consumption (mL.kg

-0.87

-1

.min )

Note: The sums of six skinfold thicknesses (triceps, subscapular, supraspinale,
abdominal, thigh, calf) were scaled to a common stature (170.18 cm) to derive heightadjusted measures of skinfold thickness and to approximate adiposity (Ross and
Wilson, 1974; Landers et al., 2013). Peak oxygen consumption scores were scaled
per unit of body mass raised to the exponent of 0.87 (after Weibel et al., 2004; see
Section 3.2.2.3 for details).
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Figure 3.1A: Variations in the mass-specific surface area of participants within this
experiment (N=36), arranged in descending order. Figure 3.1B: Mean body
temperature changes during exercise (45 min) performed at fixed, area-specific
metabolic heat-production rates of either ~135 W.m-2 (N=36, light work) or ~200
W.m-2 (N=35, moderate work), following a resting, thermal equilibration period in a
warm-dry environment (28oC; 37% relative humidity). Data are presented as average
response curves (sampled at 15-s intervals) with means and standard errors of the
means provided at 5-min intervals.
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range between the 40th and 60th percentile (Table 3.1). To minimise ageing and
endurance-training influences, selection was restricted to individuals <30 y who
routinely performed aerobic exercise >3 h per week. Furthermore, subjects were
non-smokers and were not taking any medication, nor did they have a history of
cardiovascular or thermal illness. The procedures for this research were approved by
the Human Research Ethics Committee (University of Wollongong) in accordance
with the regulations of the National Health and Medical Research Council (Australia)
under approval HE13/436. All participants provided written, informed consent.
3.2.2 Procedures
3.2.2.1 Experimental overview
On separate days, fully hydrated subjects completed two exercise trials
(cycling; Table 3.2), dressed in minimal clothing (cotton shorts, socks and sports
shoes). Testing commenced in October (Southern Hemisphere spring) and was
performed over a 12 month period in a temperate, coastal climate, with minimum and
maximum daily air temperature averaging 15.1oC (SD 3.1) and 21.5oC (SD 2.8),
respectively. Non-weight bearing exercise was used to minimise differences in heat
production associated with variations in body mass. Following a preparatory period,
subjects entered a climate chamber (28oC, 37% relative humidity, water vapour
pressure 1.4 kPa) with limited air movement (<0.5 m.s-1). These conditions were
chosen to ensure that thermal and water-vapour pressure gradients existed between the
skin surface and ambient air that permitted both dry- and evaporative-heat dissipation.
This was critical, since it ensured thermoeffector recruitment was not dictated by
environmental, but by physiological influences.
3.2.2.2 Experimental protocol
Each trial commenced with seated rest (mesh-lined chair; 20 min) in a
semi-recumbent position behind an electronically braked cycle ergometer (Excalibur
Sport, Lode B.V., Groningen, The Netherlands). Subjects then cycled at a constant
frequency (60 rev.min-1) for 45 min at equivalent, normalised external work rates.
These were referenced to the body surface area of each participant (area-specific work
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Table 3.2: Experimental timeline.
Time (min)

Activity summary

0

Subject arrival

0-5

Subject hydration check

5-25

Subject preparation (22oC)

25-30

Baseline data collection

30

Enter climate chamber (28°C, 37% r.h.)

30

Body mass measurement

30-50

Seated rest period

45-50

Resting data collection

50

Body mass measurement

50-95

Exercise period (-135 or 200 W.m-2)

75

Iso-osmotic drink (4 mL.kg-1)

90-95

Exercising data collection

95

Body mass measurement

95-115

Resting recovery

115

Terminate experiment: supervised recovery

Page 139

rate), because mass-specific work rates (W.kg-1) did not to yield equivalent changes in
mean body temperature within larger and smaller individuals (pilot research; see
Chapter 2, Section 2.3 for details). This standardisation was determined during a
familiarisation session. It ensured that each participant was required to dissipate heat
in proportion to his skin surface area, and it equivalently elevated, and then clamped,
mean body temperature. In a balanced order, subjects exercised at ~135 W.m-2 and
~200 W.m-2 at the same time on different days. These work rates are hereafter
described as light and moderate work (respectively), as they averaged 25.5% (SD 4.2)
and 48.6% (SD 6.9) of the peak oxygen consumption of the current sample. This
provided three experimental conditions (rest within each trial plus two exercise
intensities), with all 36 individuals completing trial one (light work) and 35
successfully completing trial two (moderate work).
These work intensities were determined through pilot testing (Section
3.2.2.2.1), with the lighter work rate chosen, in combination with the ambient
conditions, to elicit a state where dry-heat loss could largely satisfy the total heat-loss
requirement. Conversely, the moderate intensity was aimed at replicating conditions
in which evaporative cooling would be dominant. Thus, if either thermoeffector
response was morphologically related, this design would allow for the expression of
that association to be identified. Nevertheless, observations arising from this
experiment relate only to physiologically compensable and load-supported exercise
(cycling) undertaken in warm and somewhat dry conditions.
3.2.2.2.1 Determination of experimental work intensities
Since it is possible that the morphological dependency of cutaneous vascular
and sudomotor function may be influenced by the contribution of dry- and
evaporative-heat loss to the total heat-loss required to maintain heat balance, it was
important to examine these thermoeffector responses during exercise conditions where
dry-heat loss formed a large component of this requirement, and also where
evaporative-heat loss was the dominant avenue for heat loss. Based on previous work
in our laboratory, and the information available within the literature (Kenney and Jay,
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2013), it was approximated that area-specific metabolic heat production rates of ~135
W.m-2 (light work) and ~200 W.m-2 (moderate work) would be suitable for eliciting
the desired conditions. Therefore, as part of the investigations completed prior to the
current experimental procedures, the contribution of dry- and evaporative-heat losses
to the total heat-loss requirement was determined at each of these work intensities to
confirm this design requirement was satisfied.
Two subjects who would later participate in this study, with considerable
differences in mass-specific surface area participated in this pilot study (S6: 275.8
cm.kg-1, S32: 232.3 cm.kg-1). On separate days, and following 20 min of resting,
thermal equilibration (28oC; 37% relative humidity), each subject exercised (45 min)
at a metabolic heat production rate of either 135 W.m-2 or 200 W.m-2. Dry-heat
exchange was derived (Equation 3.5) throughout exercise and averaged over the final
5-min of exercise, while whole-body sweat losses over the duration of exercise,
corrected for fluid intake and urine production, were multiplied by the latent heat of
sweat vaporisation (2.426 J.g-1) to determine evaporative-heat loss (Figure 3.2A).
When expressed as a percentage of total heat loss (dry-heat loss + evaporative-heat
loss), dry-heat dissipation comprised ~50% of the heat loss during light work for
both subjects, while evaporative heat loss represented ~70% of this total heat-loss
requirement for these individuals during moderate work (Figure 3.2B). These
outcomes confirmed that the lighter work rate elicited conditions where dry- and
evaporative heat losses were approximately equal, while evaporative-heat losses
formed a greater proportion of total heat-loss during moderate work. Therefore, these
work intensities were utilised to satisfy this design requirement in the current study.
3.2.2.3 Preliminary session
Each participant completed a laboratory familiarisation session, an incremental
exercise test to volitional fatigue and an anthropometric assessment prior to the
experiment. For incremental, semi-recumbent exercise, subjects cycled at 75 rev.min-1
(Excalibur Sport, Lode B.V., Groningen, The Netherlands), commencing with a
warm-up (2 min), followed by a ramp increase in work rate (36 W.min-1) until
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Figure 3.2: Metabolic heat production and dry- and evaporative-heat losses (A), as
well as the percentage contribution of these losses to the total heat-loss requirement
(sum of dry- and evaporative-heat loss; B) for two subjects who would later
participate in this study, with widely differing mass-specific surface area (S6: 275.8
cm.kg-1, S32: 232.3 cm.kg-1). Data were derived following 20 min of thermal
equilibration (28oC; 37% relative humidity), after which subjects exercised (45 min)
at fixed rates of metabolic heat production (~135 W.m-2 [light work] or ~200 W.m-2
[moderate work]). Data are presented as individual means for the final 5 min of each
steady-state exercise period.
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volitional fatigue. Expired respiratory gases and volumes were used to derive peak
oxygen consumption (TrueOne 2400, ParvoMedics Inc., Utah, U.S.A.). Since those
values have an allometric relationship with body mass (Taylor et al., 1981; Nevill et
al., 1992), data were expressed per unit body mass raised to the exponent of 0.87
(mL.kg-0.87.min-1; Weibel et al., 2004) to avoid the size bias introduced with
arithmetic normalisation (Nevill et al., 1992).
Measures of height (Harpenden Stadiometer, Holtain Ltd., Crymych, U.K.)
and body mass (fw-150k, A&D scale, San Jose, California, U.S.A.) were used to
approximate body surface area (DuBois and DuBois, 1916). Skinfold thicknesses were
measured in triplicate (Eiken skinfold caliper, Meikosha, Tokyo, Japan) at six
locations (triceps, subscapular, supraspinale, abdominal, thigh and calf), with median
scores recorded and summed. Since taller and shorter individuals with identical total
skinfold thicknesses will have a different relative adiposity, then it follows that such
indices must be adjusted for stature to remove the size bias when applied across
individuals (Ross and Marfell-Jones, 1991). Therefore, the sum of skinfolds (mm)
was adjusted to a common stature (170.18 cm), yielding height-adjusted data (170.18
/ height * [sum of six skinfolds]; Ross and Wilson, 1974; Landers et al., 2013; see
Chapter 2, Section 2.1 for details). Such standardisation procedures are used for
undertaking proportional growth assessments and for comparing the anthropometric
characteristics of elite athletes who differ significantly in body size. Both raw and
height-adjusted data are presented (Table 3.1), with the latter used as a surrogate of
relative adiposity (Ross and Marfell-Jones, 1991). Since total body water varies
inversely with adiposity, this procedure was adopted to reduce variability in the bodyfluid reserve.
3.2.2.4 Experimental standardisation
Participants acted as their own controls, and the ambient conditions were
stable within and between trials. Subjects were instructed to refrain from strenuous
exercise and the consumption of alcohol during the 12-h period prior to each trial. For
the night preceding, they were instructed to drink 15 mL.kg-1 of additional water, and
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to eat an evening meal and breakfast high in carbohydrate and low in fat. Dietary
recommendations were provided. In the morning, subjects were required to drink 500
mL of fluid with breakfast, and to refrain from caffeine consumption for 2 h before
presentation. Given the preparatory, equilibration and exercise periods, this ensured
caffeine abstinence for >5 h prior to data collection.
On presentation, an isotonic drink was provided (10 mL.kg-1, sodium-chloride
concentration: 40-45 mmol.L-1) and urine specific gravity was measured (Clinical
Refractometer no. 140, Shibuya Optical Co., Tokyo, Japan) to confirm adequate
hydration. Across subjects, the mean pre-exposure urine specific gravity was 1.019
(SD 0.01) on both test days. To maintain a standardised hydration state, subjects
consumed 4 mL.kg-1 of isotonic drink at the mid-point of each trial, served at chamber
temperature (28oC).
3.2.3 Measurements
3.2.3.1 Ambient conditions
A climate-controlled chamber with limited air movement (<0.5 m.s-1) was
used to regulate air temperature (28.1oC [SD 0.2]), and relative humidity (36.8% [SD
2.4]; water vapour pressure 1.4 kPa). Radiant (black globe) temperature was
monitored at the level of the subject (Type EU; Yellow Springs Instruments Co. Ltd.,
Yellow Springs, Ohio, U.S.A.), and was within 0.5oC of air temperature throughout
all trials (28.5oC [SD 0.4]).
3.2.3.2 Tissue temperatures
3.2.3.2.1 Deep-body temperature
Deep-body temperature was monitored using an ear-moulded plug with a
thermistor protruding 1 cm (Edale Instruments Ltd., Cambridge, U.K.), positioned
within the external auditory meatus (auditory canal temperature) and insulated with
cotton wool secured to, and covering, the pinna. These procedures isolate the auditory
canal from the ambient environment and minimise cutaneous thermal artefacts (Taylor
et al., 2014), and have been shown to permit that index to closely track oesophageal
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Figure 3.3: Relationship between auditory canal (insulated) temperature and
oesophageal temperature during incremental exercise in a hot environment (A; 36oC,
46% relative humidity; Cotter et al., 1995), and a sinusoidal exercise forcing function
in a temperature environment (B; 25oC, 35% relative humidity; Todd et al., 2014).
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temperature within temperate (Figure 3.3; Todd et al., 2014) and hot conditions
(Cotter et al., 1995). However, in cooler environments, there is a thermal gradient
down the auditory canal that causes auditory canal temperature to be lower than
oesophageal temperature (Taylor et al., 2014). Data were logged at 15-s intervals
using a 16-channel data logger (Grant Instruments Ltd., 1206 Series Squirrel, U.K.),
and later downloaded to computer.
3.2.3.2.2 Skin temperatures
Skin temperatures were measured from eight skin sites (forehead, chest,
scapula, upper arm, dorsal forearm, dorsal hand, thigh and calf; Type EU; Yellow
Springs Instruments Co. Ltd., Yellow Springs, Ohio, U.S.A.). These data were
collected at 15-s intervals (1206 Series Squirrel; Grant Instruments Ltd., Cambridge,
U.K.). Mean skin temperature (!sk) was derived from a weighted summation of the
eight local temperatures (Equation 3.1; ISO 9886, 1992).

!sk= 0.07 · Tsk-1 + 0.175 · Tsk-2 + 0.175 · Tsk-3 + 0.07 · Tsk-4 + 0.07 · Tsk-5
+ 0.05 · Tsk-6 + 0.19 · Tsk-7 + 0.2 · Tsk-8

[oC]

Equation 3.1

where:
Tsk-1 = forehead
Tsk-2 = chest
Tsk-3 = scapula
Tsk-4 = upper arm
Tsk-5 = forearm
Tsk-6 = hand
Tsk-7 = thigh
Tsk-8 = calf
3.2.3.2.3 Mean body temperature
Mean body temperature was calculated as 80% of the deep-body, plus 20% of
the mean skin temperature, since trials were conducted in a warm environment (Hardy
and DuBois, 1938). In the absence of evidence to the contrary, it was assumed that
this weighting would accurately reflect changes in the heat content of a
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morphologically diverse sample. Mean body temperature change during exercise was
calculated as the difference between the mean body temperature recorded during the
final 5 min of each steady-state exercise period and the pre-exercise rest period.
3.2.3.2.4 Thermistor calibration
Thermistors were calibrated prior to trials in a 38-litre water bath (Grant,
U.K.) with a National Association of Testing Authorities certified thermometer
(Dobbie Instruments, Dobros total immersion, Australia). Each thermistor was
calibrated over the physiological temperature range pertinent to this experiment
(30-40oC) prior to experimentation. Linear calibration equations were derived for each
thermistor using the recorded thermistor data and known temperatures from the
certified thermometer (r >0.99). Raw thermistor data were corrected using these
calibration coefficients.
3.2.3.3 Cardiovascular responses
3.2.3.3.1 Heart rate
Heart rate was obtained from ventricular depolarisation throughout trials using
a heart rate monitor (Model PE3000 and Advantage, Polar Electro Sport Tester,
Finland), and later downloaded to a computer. Data were sampled at 15-s intervals.
3.2.3.3.2 Mean arterial pressure
Mean arterial pressure was derived (Equation 3.2) from blood pressures
measured (manual auscultation) immediately prior to the measurement of cutaneous
blood flow during the final 5 min of each rest and exercise period, and at 10-min
intervals during recovery (MD 777 dual head stethoscope, MDF Instruments, Los
Angeles, California, U.S.A., and MDF 808 Calibra pro sphygmomanometer, MDF
Instruments, Los Angeles, California, U.S.A.). Systolic blood pressure was taken at
the first appearance of Korotkoff sounds (Phase 1), while diastolic pressure was taken
when those sounds disappeared (Phase 5; Pickering et al., 2005).
MAP = DBP + 1/3 (SBP-DBP)
where:
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[mmHg]

Equation 3.2

MAP = Mean arterial pressure

[mmHg]

DBP = Diastolic blood pressure

[mmHg]

SBP = Systolic blood pressure

[mmHg]

3.2.3.3.3 Cutaneous blood flow
Limb segment and local cutaneous blood flows were measured simultaneously.
Forearm blood flow was determined using a mercury-in-silastic strain gauge placed at
the widest girth of the right forearm (EC6 Plethysmograph, D.E. Hokanson Inc.,
Bellevue, Washington, U.S.A.). These data were used to represent skin blood flow
within the non-apical regions. Venous return was occluded proximal to the elbow by
inflating a blood-pressure cuff to 50 mmHg (SC12D cuff, D.E. Hokanson Inc.,
Bellevue, Washington, U.S.A.). This was automatically controlled (AG 101 Cuff
inflator air source and E20 rapid cuff inflator, D.E. Hokanson Inc., Bellevue,
Washington, U.S.A.), and followed a cycle of 8 s inflated and 12 s deflated, with 3
cycles.min-1. Data were collected for ~2.5 min during the final 5 min of each rest
and exercise period. A wrist cuff was simultaneously inflated to 20 mmHg above
systolic blood pressure prior to data collection, to remove artefacts introduced by
variations in hand blood flow. This was deflated after each measurement.
It was implicitly assumed that, whilst venous-occlusion plethysmography
detects flow changes within all vascular beds, those measurements primarily reflected
cutaneous blood flow responses in both resting (Edholm et al., 1956; Detry et al.,
1972) and exercising individuals (Johnson and Rowell, 1975), providing that limb
remained inactive. Whilst the limb is traditionally stabilised and supported above the
heart using positioning aids (wood or foam blocks) during resting plethysmography
measurements (Figure 3.4A), this method was unable to adequately isolate the limb
from movement during exercise (Figure 3.4C). To minimise movement artefacts and
to position the limb above heart level, the arm was supported and stabilised at the
wrist and upper arm using mesh slings, anchored and tensioned at four points to
optimise comfort and minimise local-pressure effects (Figure 3.4B). This approach
was determined through pilot testing to better reduce measurement noise and
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Figure 3.4: Illustration of the traditional method (A), and the method used in the
current experiment (B) for positioning the measurement arm above the heart. In this
experiment, mesh slings were used to anchor, to support the arm above the heart level
and to reduce movement artefact during exercising venous-occlusion plethysmography
measurements of forearm blood flow. A sample trace of limb swelling during two
measurement cycles (8 s inflated and 12 s deflated) during steady-state exercise
(~200 W.m-2 [moderate work]) for the traditional (C) and current methods (D) are
also presented (N=1). Data were recorded at 20 Hz.
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maximise limb drainage following venous occlusion during moderate work (Figure
3.4D).
Laser-Doppler flowmetry (TSI Laserflo BPM2 with a P-435 fibre-optic probe,
Vasamedics Inc., St. Paul, Minnesota, U.S.A) was used to estimate local cutaneous
(non-apical) blood flow, but now within a very small skin volume. The probe was
secured (double-sided tape) at the mid-point of the left ventral forearm. This location
was found to best represent forearm cutaneous blood flow (Cotter et al., 1993), and it
was marked to ensure the probe placement was identical between trials. The forearm
was stabilised at heart level throughout experimentation. Data were recorded for
~2.5 min during the final 5 min of rest and exercise. Exercising measurements were
expressed as a percentage of the resting (baseline) values. Due to technical
difficulties, these measurements were not recorded in some participants (trial one:
N=3; trial two: N=6).
3.2.3.3.4 Forearm and cutaneous vascular conductance
Whilst blood flow determines the rate of convective heat transfer (mass flow),
that flow is a function of both mean arterial pressure and total peripheral resistance.
Therefore, to account for blood flow changes accompanying variations in blood
pressure, both forearm and local cutaneous flow measurements were also expressed in
conductance units, with mean arterial pressure measured immediately prior to the
blood flow measurement (see Section 3.2.3.3.2 for details).
3.2.3.4 Sudomotor responses
3.2.3.4.1 Whole-body sweat rate
Gross mass changes (before and after rest and exercise) were used to
approximate whole-body sweat losses (±20 g; fw-150k, A&D Weighing, California,
U.S.A.). Data were corrected for fluid replacement and urine production, with
respiratory and metabolic mass losses approximated using standard derivations (Gagge
and Gonzalez, 1996). Whole-body sweat rate is often normalised to the body surface
area to minimise inter-individual variability. However, this can introduce a bias when
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that relationship varies significantly from linearity, or does not pass through zero
(Tanner, 1949; Nevill et al., 1992). Since the relationship between whole-body sweat
rate and surface area did not satisfy these criteria, individual sweat rates were
normalised using the adjusted regression analysis technique (after: Toth et al., 1993).
This first involved determining the group regression slope between the whole-body
sweat rate and body surface area. Normalised sweat rates were then calculated by
subtracting individual rates from the product of this regression slope and the
difference between each person’s surface area and the group mean body surface area
(see Chapter 2, Section 2.2.2.4.2 for details). This practice is critical when one’s
research objective is to explore realistic associations between physiological and
morphological phenomena, for not to do so could lead to impossible physiological
circumstances, such as sweat production from beings without mass.
Since the unadjusted sweat losses were also used to derive the rate of
evaporative-heat dissipation (Gagge and Gonzalez, 1996), those data were similarly
adjusted. However, all remaining heat exchanges shared an approximate linear
relationship with body surface area that passed through, or near to, the origin when
expressed in absolute terms (W).
3.2.3.4.2 Local sweat rate
Ventilated sweat capsules (3.16 cm2) were used to simultaneously measure
local sweat rates from four sites (dorsal hand, dorsal forearm, upper back and
forehead) throughout each trial. These were glued to the skin to prevent pressure
artefacts (Collodion U.S.P., Mavidon Medical Products, Florida, U.S.A.). Low
humidity air was obtained by passing room air over an enclosed, saturated, lithium
chloride solution housed outside the chamber, with the local air temperature
independently measured. Air collected from above this solution will remain at 12%
relative humidity over a broad range of temperatures (Winston and Bates, 1960), and
was pumped through each sweat capsule at flows that ensured the complete
evaporation of sweat (600 mL.min-1), and through tubes long enough to guarantee
thermal equilibration with chamber air temperature. Post-capsular (exhaust) air
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temperatures (thermistors) and humidities (capacitance hygrometers) were
continuously sampled downstream (1 m) as part of an integrated sweat monitor system
(Clinical Engineering Solutions, NSW, Sydney, Australia). Temperature and humidity
sensors were equilibrated with the target ambient conditions prior to experimentation.
Data were recorded at 1-s intervals (DAS1602; Keithley Instruments, Inc., Cleveland,
Ohio, U.S.A.) and used to derive local sweat rates using in-house software (Taylor et
al., 1997; Equation 3.3).

ṁsw = (((rh2 · Pw2 ·V̇ / 100 · T2 · k) ! (rh1 · Pw1 ·V̇ / 100 · T1 · k) · 1000) / Acap)
[mg.cm-2.min-1]

Equation 3.3

where:
ṁsw = sweat rate

[mg.cm-2.min-1]

rh1 = relative humidity of pre-capsular air

[%]

rh2 = relative humidity of post-capsular air

[%]

Pw1 = partial pressure of water vapour of saturated pre-capsular air [mmHg]
Pw2 = partial pressure of water vapour of saturated post-capsular air [mmHg]
V̇ = air flow through the air line

[L.min-1]

T1 = temperature of pre-capsular air

[Kelvin {K}]

T2= temperature of post-capsular air

[Kelvin {K}]

k = 3.464 (water vapour gas constant)

[mmHg.L-1.g-1.K-1]

Acap = surface area covered by the capsule (3.16 cm2)

[cm2]

Hygrometer calibration preceded experimentation, and involved three saturated
salt solution standards (lithium chloride at 22oC; sodium chloride at 22 and 35oC),
which provided three separate relative-humidity points (low, moderate and high).
Calibration curves were derived from those points in triplicate, and the resultant
(averaged) calibration curve was used to compute correlation coefficients for each
sweat channel (r2>0.98). In general, to obtain the calibration data, room air was
passed over the saturated salt solutions (flow rate: 500 mL.min-1), within the sweat
system tubing and through capacitance hygrometers connected to each sweat channel
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located inside the climatic chamber (calibrated for the experimental conditions: 28oC
and 37% relative humidity). Following stabilisation of air temperature and humidity
(60-90 min), raw voltage output was recorded for each hygrometer.
3.2.3.4.3 Sudomotor onset and sensitivity
The onset of sweating was defined as the time points after the commencement
of steady-state rest, beyond which local sweat rate was elevated, and established
above baseline for at least 5 min. The corresponding mean body temperature at these
time points was defined as the threshold temperature for the onset of sweat secretion.
Sudomotor sensitivity (gain) was calculated for each participant within the 5-min
period after sweating first exceeded basal levels, and remained so for at least 5 min.
This was determined as the slope of the linear regression relationship between mean
body temperature and the post-threshold sweating data (Patterson et al., 2004).
Figure 3.5 illustrates the procedure for determining sudomotor onset and sensitivity in
one subject (raw data) during the moderate work trial (200 W.m-2).
3.2.3.5 Oxygen consumption and carbon dioxide production
Expired gases and air flows were analysed continuously (TrueOne 2400,
ParvoMedics Inc., Utah, U.S.A.), and used to derive oxygen consumption, carbon
dioxide production and minute ventilation as 15-s averages. The analysers were
calibrated before each trial using alpha gas standards (15.97% oxygen, 4.03% carbon
dioxide, balance nitrogen). Data collection was briefly interrupted (~2 min) to obtain
whole-body mass measurements prior to commencing (20 min), and at the completion
of, exercise (65 min).
3.2.3.6 Indirectly derived heat production and exchange
Heat production and exchanges were approximated using partitional
calorimetry and normalised to each individual’s body surface area, unless stated
otherwise (W). The exercise duration was set to satisfy the steady-state requirements
essential for these calculations to be valid. The first derivation was metabolic rate (M;
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Figure 3.5: Raw data (1-min averages) for the relationship between mean body
temperature and forehead sweat rate for one subject to illustrate the procedures for
determining sudomotor onset and sensitivity. Data were derived during seated rest (20
min; 28oC; 37% relative humidity), followed by exercise (45 min) at a fixed rate of
metabolic heat production (200 W.m-2 [moderate work]). Sudomotor sensitivity (gain)
was calculated within the 5-min period after sweating first exceeded basal levels as the
slope of the linear regression relationship between mean body temperature and the
linear portion of post-threshold sweating data (red line). Sudomotor onset was
determined by fitting a linear regression line between basal (resting) sweating data and
mean body temperature (blue line). The mean body temperature at the intercept
(break-point) between those regression lines represented the sudomotor onset.
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Equation 3.4; Nishi, 1981; Kenny and Jay, 2013)7. All abbreviations are defined on
first use and conform to the International Union of Physiological Sciences Thermal
Glossary (2001).
(1  R)

 ( R  0.7)

 21130 
 19620
VO2  

0.3
 0.3

M=
60  AD

[W.m-2]

Equation 3.4

where:
V̇ O2 = rate of oxygen consumption

[L.min-1 STPD]

R = respiratory exchange ratio

[non-dimensional]

21130 = caloric equivalent of carbohydrate oxidation

[J.L-1]

19620 = caloric equivalent of lipid oxidation

[J.L-1]

AD = body surface area (after: DuBois and DuBois, 1916) [m2]
External work rate (W) was controlled to maintain metabolic heat production
(Hprod: [M-W]) at ~135 W.m-2 or ~200 W.m-2 for each participant. This was
determined during familiarisation and fine tuned during every trial from calculations
performed at 2-min intervals (Equation 3.4). Dry heat exchanges (Hdry) were
calculated as the sum of the radiative and convective exchanges (Equation 3.5; Nishi,
1981):
Hdry = hr · (!sk - Tg) + hc · (!sk - Ta)

[W.m-2]

Equation 3.5

where:
[oC]

!sk = mean skin temperature

Tg = radiant (black globe) temperature (assumed to equal mean radiant
temperature; IUPS Thermal Glossary, 2001)

[oC]

Ta = air temperature

[oC]

hc = convective heat transfer coefficient (assumed to be 5.476 W.m-2.K-1;
[W.m-2.K-1]

Gagge and Gonzalez, 1996)

7

While a fixed caloric equivalent for oxygen is often used for the indirect derivation of metabolic rate (Nishi, 1981), separate
caloric equivalents for the oxidation of carbohydrate and fat were used to improve the precision of this approximation (Kenny

and Jay, 2013).
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hr = radiative heat transfer coefficient (derived using Equation 3.6; Gagge and
[W.m-2.K-1]

Gonzalez, 1996)
hr = 4,F · (Ar / AD) · (273.2 + ((!sk +Tg) / 2)3)

[W.m-2.K-1]

Equation 3.6

where:

g = emissivity from the body surface (assumed to be 0.95) [non-dimensional]
F = Stefan-Boltzmann constant (5.67 x 10-8)

[W.m-2.K-4]

Ar/AD = ratio of the effective radiative area of the body (Ar) and body surface
area (assumed to be 0.73; Fanger, 1972)

[non-dimensional]

Convective (Cres) and evaporative (Eres) heat exchanges within the respiratory
tract were derived from metabolic heat production rate, the air temperature and
absolute ambient air humidity (Pa [kPa]; Equation 3.7; Fanger, 1972). However the
assumptions made in that equation are not valid in cooler environments (Blatteis,
1998).
Cres+Eres = (0.0014 · Hprod) · (34 - Ta) + (0.00173 · Hprod) · (5.87 - Pa)
[W.m-2]

Equation 3.7

Measurements of whole-body mass loss (g), corrected for fluid intake, urine
production, and respiratory (Equation 3.8) and metabolic (Equation 3.9) mass losses
(Gagge and Gonzalez, 1996), were multiplied by the latent heat of sweat vaporisation
(2426 J.g-1) to determine the rate of evaporative heat loss (E; J.s-1), and expressed per
square metre of body surface area (W.m-2). It was assumed all mass changes reflected
fluid losses. It was also assumed that the thermal energy for this phase change was
taken wholly from the skin, although this assumption is less valid in hotter states.
Evaporative mass loss from respiration = Eres · (t / 2426)

[g]

Equation 3.8

where:
Eres = evaporative heat loss through respiration

[W.m-2]

t = time period of each measurement

[s]

2426 = latent heat of sweat vaporisation

[J.g-1]
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Metabolic mass loss =t · ((V̇ O2 · (44 · R - 32) / 22.4))

[g]

Equation 3.9

The evaporative requirement for heat balance (Ereq) was determined by
subtracting the metabolic heat production rate from the sum of the dry, convective and
evaporative respiratory heat exchanges (Equation 3.10; Gagge and Gonzalez, 1996):
Ereq = Hprod - (Hdry + Cres+ Eres)

[W.m-2]

Equation 3.10

3.2.3.7 Psychophysical measures
Thermal sensation and discomfort were assessed at 10-min intervals during the
rest and exercise phases of each trial. Fractionated ratings of perceived exertion
(whole body, legs and chest) were also assessed at 10-min intervals during exercise.
Instructions for the use of all scales were read to each subject prior to commencing
each trial, and a sheet containing full instructions and each rating scale was provided
to each subject (Figure 3.6). Thermal sensation was obtained using a 13-point scale
(modified after: Gagge et al., 1967), with numbers ranging from 1 (unbearably cold)
to 13 (unbearably hot). Subjects responded to the question: "How does the
temperature of your body feel?". Thermal discomfort was assessed using a 5-point
scale, with numbers ranging from 1.0 (comfortable), to 5.0 (extremely uncomfortable;
Gagge et al., 1967). Subjects used this scale to respond to the question "How
comfortable do you feel with the temperature of your body?". Fractionated ratings of
perceived exertion (RPE) were assessed for the whole body, legs and chest on a
15-point scale (Borg, 1990), with numbers ranging from 6 (no exertion), to 20
(maximal exertion). Subjects used this scale to respond to the question: "How hard do
you feel like you are exercising in your whole body/legs/chest?". Effort sensation was
fractionated to isolate sites of greatest physiological strain (Pandolf, 1978).
3.2.4 Design and data analysis
This study was based on a single-factor (metabolic heat production: rest and
two exercise intensities), repeated-measures design. With the exception of whole-body
sweat secretion, data were collected throughout and averaged over the final 5 min of
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Figure 3.6: Modified 13-point thermal sensation scale (A), 5-point thermal discomfort
scale (B) and 15-point scale for assessing ratings of perceived exertion (RPE; C).
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each steady-state period. Differences in resting physiological responses were evaluated
using paired t-tests. Relationships between the physiological responses and variations
in the specific surface area were assessed using Pearson’s correlation coefficient. The
strength of the association between specific surface area and the psychophysical
variables (ordinal data) were assessed using Spearman’s rank order correlation
coefficient. Correlations were classified as being of weak, moderate or strong effect
size (r#0.10, r=0.3 and r$0.5, respectively; after: Cohen, 1988).
Hierarchical, multiple-linear regression analyses were also performed on the
thermoeffector responses that shared significant relationships with mass-specific
surface area. This analysis was aimed at identifying the individual thermoeffector
variance explained independently by the specific surface area. Two predictive models
were used. Model one incorporated the mean body temperature change, peak oxygen
consumption and the height-adjusted sum of skinfolds. These were the designcontrolled variables. For model two, these three variables were combined with the
mass-specific surface area. Changes in the coefficients of determination (r2) between
these two models represented the proportion of thermoeffector variance that could be
independently explained by differences in mass-specific surface area, after first
accounting for individual variations in the three design-controlled variables. This was
another critical design feature that allowed for isolating the influence of morphological
variations in the modulation of these thermoeffector functions, and these two models
were compared using analysis of variance. An a priori power analysis indicated that
the minimum sample size required to detect a change in the coefficient of
determination between models of large effect size (Cohen’s f 2: 0.35), and with at least
80% statistical power, was 28 subjects (Cohen, 1988). Therefore, with the current
sample (N=36), these regression analyses were adequately powered (>80%) at the
large effect-size level. Test assumptions of normality, linearity and homoscedasticity
were determined by inspecting quantile-comparison, scatter and residual plots (see
Chapter 2, Section 2.2.3.2 for details). Collinearity, as assessed using the variance
inflation factor, was minimal between independent variables (range: 1.024-1.710).
Alpha was set at the 0.05 level for all statistical comparisons, with data reported as
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means and standard errors of the means (±) unless stated otherwise (standard
deviation [SD]).
3.3 RESULTS
3.3.1 Subject characteristics
To enable a thorough evaluation of the morphological dependence of
thermoeffector function, it was essential that subjects spanned a sufficiently wide
range of body sizes. Subjects differed by almost 40 kg in mass and approximately 0.7
m2 in surface area, with pronounced variations in the mass-specific surface area across
the group (Table 3.1), with an even distribution of individuals across this range
(Figure 3.1A). The height-adjusted sum of skinfolds, however, were similar among
individuals (Table 3.1), with these data placing subjects between the 40th to 60th
percentiles of the age- and gender-specific normative distribution for relative adiposity
(Bailey et al., 1982).

3.3.2 Indirectly derived heat production and exchange
By design, metabolic heat production was fixed at an equivalent, surface
area-dependent intensity for all participants (light work: 139 W.m-2 [SD 7]; moderate
work: 207 W.m-2 [SD 11]). Accordingly, neither external work (21 [±0; light] and 61
W.m-2 [±1; moderate]) nor metabolic heat production differed significantly with
variations in mass-specific surface area during light or moderate work (P>0.05).
This meant that each individual had the same relative heat-loss requirement, despite
large variations in body size. To the best of our knowledge, this is the first
investigation in which this has been achieved.
The dry- and evaporative-heat losses (Equations 3.2 and 3.7), as well as the
evaporative requirement for heat loss (Equation 3.10), were also similar among
individuals (Table 3.3), and were not correlated significantly with specific surface
area (P>0.05). That outcome verified the size-independent nature of these variables
across subjects. When these heat exchanges were expressed in absolute terms (W),
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Table 3.3: Physiological and psychophysical responses during two steady-state
exercise intensities. Subjects performed two trials (28oC; 37% relative humidity), each
commencing with seated rest (20 min) and followed by either light (~135 W.m-2;
N=36) or moderate (~200 W.m-2; N=35) exercise (45 min). Data are means and
standard errors of the means.
Light work

Moderate work

-2

Heat exchange (W.m )
Dry-heat loss (Equation 3.5)
50 ±1
Evaporative-heat loss (mass change)
63 ±3
Evaporative heat-loss requirement (Equation 3.10)
83 ±1
Body temperature (oC)
Auditory canal temperature
37.0 ±0.0
Mean skin temperature
33.3 ±0.1
Mean body temperature
36.3 ±0.0
Cardiovascular responses
-1
Heart rate (b.min )
92 ±2
Mean arterial pressure (mmHg)
92 ±1
Cutaneous blood flow
Forearm (mL.100 mL-1.min-1)
5.29 ±0.15
*
Local (% of initial resting value)
145.7 ±13.4
Cutaneous vascular conductance
Forearm (mL.100 mL-1.min-1.mmHg-1)
0.06 ±0.00
*
Local (% of initial resting value)
134.4 ±13.0
-2
Local sweat rate (mg.cm .min-1)
Dorsal hand
0.60 ±0.06
Dorsal forearm
0.27 ±0.03
Upper back
0.32 ±0.04
Forehead
0.56 ±0.06
-2
Sudomotor sensitivity (mg.cm .min-1.oC-1)
Dorsal hand
3.38 ±0.30
Dorsal forearm
1.84 ±0.17
Upper back
2.06 ±0.20
Forehead
3.89 ±0.29
Psychophysical responses
Thermal sensation (13-point scale)
8 ±0
Thermal discomfort (5-point scale)
2 ±0
Perceived exertion: Whole body (12-point scale)
10 ±0
Perceived exertion: Legs (12-point scale)
11 ±0
Perceived exertion: Chest (12-point scale)
9 ±0

56 ±3
162 ±8
142 ±2
37.2 ±0.1
33.9 ±0.1
36.6 ±0.0
133 ±3
101 ±1
8.46 ±0.38
293.1 ±18.1
0.08 ±0.00
345.3 ±21.3
2.02 ±0.09
1.27 ±0.07
1.38 ±0.10
2.55 ±0.17
4.19 ±0.34
2.57 ±0.16
2.92 ±0.26
4.76 ±0.37
10 ±0
2 ±0
13 ±0
14 ±0
11 ±0

Note: * Local cutaneous blood flows (laser-Doppler) and vascular conductances were
not determined in some participants (light work N=3 and moderate work N=6).
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however, each displayed a strong, negative relationship with the specific surface area
(Table 3.4; P<0.05). Since the metabolic heat-production rate was a function of body
surface area, then the absolute heat production was greater in those with a lower
specific surface area. It was therefore expected that the absolute rates of dry- and
evaporative-heat loss, as well as the rate of evaporative-heat loss required to maintain
heat balance, would also be greater in those larger individuals.
3.3.3 Body temperature
Resting deep-body, mean skin and mean body temperatures (including
standard errors) were identical across both trials: 36.8 ±0.1oC, 33.2 ±0.1oC and
36.1 ±0.1oC (respectively). Body temperatures were also similar among individuals
during both light and moderate work (Table 3.3), and exceeded air and radiant
temperatures. This permitted dry-heat transfer to the ambient medium, thereby
satisfying the first experimental design criterion. Whilst deep-body temperature shared
significant relationships with the mass-specific surface area during light work (r=0.36
and r=0.33, respectively; both P<0.05), deep-body, mean skin and mean body
temperatures did not (P>0.05). During moderate work, none of those temperatures
was related significantly to the mass-specific surface area (P>0.05). As a
consequence of the experimental design, the exercise-induced changes in mean body
temperature (0.2oC ±0.0 [light] and 0.4oC ±0.0 [moderate]) were similar across
individuals within each state, and remained clamped throughout (Figure 3.1B) and
unrelated to specific surface area (P>0.05). Thus, inter-individual differences in
thermoeffector function could now be uniquely evaluated against a background of
matched thermoafferent flow across participants.
3.3.4 Cardiovascular responses
3.3.4.1 Heart rate and mean arterial pressure
Heart rate (72 ±2 [light work] and 75 ±2 b.min-1 [moderate work]) and mean
arterial pressure (88 ±1 [light work] and 89 ±1 mmHg [moderate work]) did not
differ significantly between trials at rest (P<0.05). Heart rates were also similar
among subjects during exercise (Table 3.3), and did not share a significant
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Table 3.4: Correlation coefficients between the mass-specific surface area and the
indirectly derived heat exchanges, and sudomotor sensitivity during light (~135 W.m2

; N=36) and moderate exercise (~200 W.m-2; N=35). Only correlations that were

statistically significant have been included within the Table (P<0.05).

Heat production and exchange (W)
Metabolic heat production (metabolic - external work rate)
Dry-heat loss (Equation 3.5)
Evaporative loss (mass loss)
Evaporative heat-loss requirement (Equation 3.10)
Sudomotor sensitivity (mg.cm-2.min-1.oC-1)
Dorsal hand
Dorsal forearm
Dorsal forehead

Light
work

Moderate
work

-0.64
-0.51
-0.55
-0.48

-0.67
-0.55
-0.73
-0.56

-0.46
-0.50
-0.45

-0.47
-0.39
-0.44

Note: Negative correlations between heat exchanges expressed in absolute terms and
the mass-specific surface area were expected, and reflect the increases in body surface
area that accompany decreases in mass-specific surface area. Correlations between
heat exchanges normalised to body surface area and the mass-specific surface area did
not approach significance (P>0.05).
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association with the mass-specific surface area (P>0.05). Conversely, mean arterial
pressure varied among subjects during exercise (Table 3.3), and shared a significant,
negative association with specific surface area during light work (r=-0.39; P<0.05).
This outcome is consistent with recent observations on both animals (White
and Seymour, 2014; White and Seymour, 2015) and humans (Voors et al., 1982;
Langenberg et al., 2003; Arvedsted et al., 2012), which indicate that blood pressure
is regulated at a higher level in larger mammals. This association is thought to be
linked to the added gravitational effects placed on the heart with increasing body
height (Patterson et al., 1975; Seymour and Blaylock, 2000; White and Seymour,
2014), which forces larger individuals to maintain a higher blood pressure to perfuse
the upper extremities. In fact, some particularly long limbed animals (e.g., giraffes),
must regulate arterial pressure at more than 200 mmHg to maintain cerebral perfusion
(Hargens et al., 1987; Mitchell and Skinner, 2009).
3.3.4.2 Cutaneous vascular responses
Resting forearm blood flow (3.68 ±0.18 [light work] and 3.89 ±0.18 mL.100
mL-1.min-1 [moderate work]) and forearm vascular conductance (0.04 ±0.00 [light
work] and 0.04 ±0.00 mL.100 mL-1.min-1.mmHg-1 [moderate work]) did not differ
significantly between trials (P>0.05), but varied widely during exercise (Table 3.3).
During light work, forearm blood flow and forearm vascular conductance, as well as
local cutaneous blood flow and cutaneous vascular conductance possessed a strong,
positive association with the mass-specific surface area (P<0.05; Figure 3.7).
However, those relationships were not significant during moderate work (P>0.05).
Hierarchical regression analysis was then used to identify variations in
cutaneous blood flow that could be explained by the design-controlled variables alone
(model one: mean body temperature change, peak oxygen consumption and the
height-adjusted sum of skinfolds), as well as the additional variance that could be
accounted for solely on the basis of variations in the mass-specific surface area (model
two; Table 3.5). Model one was not a significant predictor of the cutaneous vascular
Page 164

Figure 3.7: Relationships between the mass-specific surface area and forearm
cutaneous blood flow (A) and forearm vascular conductance (B) during light work.
Data were collected following 20 min of resting, thermal equilibration (28oC; 37%
relative humidity), after which subjects exercised (45 min) at~135 W.m-2 (N=36,
light work). Data are presented as individual means for the final 5 min of each steadystate exercise period. Solid lines represent least squares, best-fit, linear regressions,
with all correlations being significant (P<0.05).
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Table 3.5: Coefficients of determination (r2) and their changes ()r2) for two regression models used to predict forearm and local
cutaneous blood flow and vascular conductance during light (~135 W.m-2; N=36) and moderate exercise (~200 W.m-2; N=35).
Model one included the change in mean body temperature ()!b), height-adjusted sum of skinfolds (3skf) and peak oxygen consumption
(V̇O2peak), while model two included those variables as well as the mass-specific surface area (AD/mass). Significant predictors of
thermoeffector responses (*) and changes in the coefficient of determination (r2) between these two models (†) are indicated by the
symbols (P<0.05).
Light work
Dependent

Intercept

variable

Model (constant)

Moderate work

Slope coefficients

Intercept

3skf

V̇O2peak

AD/mass

r

)r

(constant)

)!b

3skf

V̇O2peak

AD/mass

r2

)r2

0.03

-

11.44

-4.03

0.01

-0.02

-

0.07

-

-6.24

-3.73

0.04

<-0.01

0.06

0.18

0.11

Forearm

1

4.81

0.90

-0.00

0.01

-

blood flow

2

-9.44

0.13

0.02

0.02

0.05

Local cutaneous

1

223.57

133.73 -0.85

-0.75

-

blood flow

2

-770.40

90.62

0.77

0.40

3.14

Forearm vascular

1

0.04

0.02

0

0

-

conductance

2

-0.15

<0.01

0

0

<0.01

1

223.49

86.45 -0.65

-0.90

-

2

-782.49

48.82

0.26

3.181

*

Local cutaneous
vascular conductance

*

Slope coefficients

)!b

0.99

2

2

0.46* 0.43†
0.08

448.31

-55.00 -0.80

-1.09

-

0.02

-

0.32* 0.24†

-428.60 -51.16 0.84

0.13

2.64

0.13

0.11

0.05

-

0.51* 0.46†
0.05

-

0.31* 0.27†

0.10

-0.05

0

0

-

0.10

-

-0.11

-0.05

0

0

<0.01

0.24

0.14†

551.15

-8.41

-1.28

-1.66

-

0.02

-

-512.93

-3.75

0.72

-0.18

3.20

0.14

0.12

Note: *Local cutaneous blood flows and vascular conductances were not determined in some participants due to technical difficulties
(see methods): light work N=3 and moderate work N=6.
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responses (Table 3.5; P>0.05). Model two, however, provided a significant
prediction of those responses during light work. Indeed, the mass-specific surface area
alone could respectively account for 43% and 46% of the individual variations within
forearm blood flow and vascular conductance, as well as 24% and 27% of the local
cutaneous blood flow and vascular conductance variability (P<0.05; Table 3.5).
Although during moderate work, which was aimed at forcing evaporative-heat loss to
dominate, neither model significantly predicted those vascular responses (Table 3.5;
P>0.05).
3.3.5 Sudomotor responses
Steady-state sweating responses are displayed in Table 3.3, with the wholebody sweat rate during both light (188 ±9 g.h-1) and moderate work (513 ±22 g.h-1)
sharing strong, negative associations with mass-specific surface area (P<0.05; Figure
3.8). Those outcomes were predictable, as heat-production rates were set as a function
of the body surface area, and this caused systematic increases in absolute heat
production in those with a lower specific surface area, and increasing the absolute
evaporative heat-loss requirement for larger subjects. However, when the whole-body
sweat rate was normalised to body surface area, it was not significantly associated
with the mass-specific surface area during either light or moderate work (P>0.05).
Local sweat rates at the dorsal hand and forehead shared moderate, negative
relationships with mass-specific surface area during both light and moderate work
(P<0.05; Figure 3.8). Sweat rate at the dorsal forearm, however, demonstrated this
association only during light work (r=-0.56; P<0.05), whilst upper-back sweating
was not significantly related to this morphological description in either exercise state
(P>0.05). Sudomotor sensitivities at the dorsal hand, dorsal forearm and forehead,
but not the upper back, were also negatively associated with specific surface area
during both work rates (Table 3.4; P<0.05). However, the mean body temperature at
the onset of sweating was equal across trials and among regions, for both means and
standard errors (36.1oC [±0.0]), and was not significantly related to the specific
surface area (P>0.05).
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Figure 3.8: Relationships between the mass-specific surface area and whole-body
sweat rate (A, B), local sweat rate at the dorsal hand (C, D) and forehead (E, F)
during light (open symbols) and moderate work (shaded symbols). Data were
collected following 20 min of resting, thermal equilibration (28oC; 37% relative
humidity), after which subjects exercised (45 min) at either~135 W.m-2 (N=36, light
work) or ~200 W.m-2 (N=35, moderate work). Data are presented as means for the
final 5 min of each steady-state exercise period. Solid lines represent least squares,
best-fit, linear regressions, with all correlations being significant (P<0.05).
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When the same prediction models were evaluated with regard to sweat
secretion, the controlled variables (model one) significantly predicted the whole-body
sweat rate and local sweating from the dorsal forearm during light work (Table 3.6;
P<0.05). Model two significantly predicted sweat secretion and sudomotor
thermosensitivity at three of the four regions measured during light work (Table 3.6;
P<0.05), with the mass-specific surface area alone accounting for between 13-19%
of that variation (Table 3.6; P>0.05). During moderate work, model two
significantly predicted whole-body sweat rate and sudomotor sensitivity at the dorsal
hand and forehead only (Table 3.6; P<0.05). Moreover, between 11-53% of the
inter-individual variations in those responses, as well as 13% of the variations in local
sweat secretion at the forehead, could be explained independently by variations in the
mass-specific surface area (Table 3.6; P<0.05).
3.3.6 Psychophysical responses
Resting thermal sensation and discomfort were identical across both trials, for
means and standard errors (7 ±0 and 1 ±0; respectively). Thermal sensation and
discomfort were also similar among subjects during exercise (Table 3.3), and did not
share significant associations with the mass-specific surface area (P>0.05). This was
also the case for the fractionated ratings of perceived exertion (whole body, legs,
chest), which were similar among subjects during both light and moderate work
(Table 3.3), and did not share significant relationships with specific surface area
(P>0.05). Therefore, under the current experimental conditions, subjective
perceptions of thermal and exercise stress did not share a significant morphological
dependence.
3.4 DISCUSSION
This study is believed to be the first that was designed to provide a
comprehensive evaluation of the morphological dependency of human heat-loss
responses, whilst controlling for other factors known to modulate those mechanisms.
Thus, thermoeffector responses were simultaneously assessed in individuals with
similar endurance exercise habits and whole-body relative adiposity, but with
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Table 3.6: Coefficients of determination (r2) and their changes ()r2) for two regression models used to predict sudomotor responses
during light (~135 W.m-2; N=36) and moderate exercise (~200 W.m-2; N=35). Model one included the change in mean body
temperature ()!b), height-adjusted sum of skinfolds (3skf) and peak oxygen consumption (V̇O2peak), while model two included those
variables as well as the mass-specific surface area (AD/mass). Significant predictors of thermoeffector responses (*) and changes in the
coefficient of determination (r2) between these two models (†) are indicated by the symbols (P<0.05).
Light work
Dependent
variable

Intercept
Model (constant)

Moderate work

Slope coefficients
)!b

3skf

Intercept

Slope coefficients

V̇O2peak

AD/mass

r2

)r2

(constant)

)!b

3skf

V̇O2peak

AD/mass

r2

)r2

0.28*

-

228.51

33.77

2.02

1.97

-

0.04

-

2514.69

-5.16

-2.15

-0.59

-7.05

Whole-body

1

61.97

-166.48

1.23

1.17

-

sweat rate

2

669.97 -133.66

0.10

0.57

-1.95

Dorsal hand

1

-0.65

-0.49

0.01

0.01

-

0.24*

-

-0.06

0.35

0.01

0.03

-

0.12

-

sweat rate

2

1.60

-0.37

0.01

0.01

-0.01

0.31*

0.07

3.33

0.30

0.01

0.01

-0.01

0.19

0.07

Dorsal forearm

1

-0.21

-0.48

<0.01

<0.01

-

0.26*

-

0.04

-0.14

0.01

0.01

-

0.09

-

sweat rate

2

1.54

-0.39

<0.01

<0.01

-0.01

0.43* 0.17†

2.17

-0.18

0.01

0.01

-0.01

0.13

0.04

Forehead

1

0.07

-0.55

0.01

<0.01

-

0.09

1.20

-0.49

0.01

0.01

-

0.04

-

sweat rate

2

3.88

-0.35 <-0.01

0

-0.01

0.28* 0.19†

9.98

-0.64 <-0.01

0

-0.03

0.17

0.13†

Dorsal hand

1

5.56

-4.90

0.01

-0.02

-

0.14

-4.63

1.20

0.04

0.07

-

0.27*

-

thermosensitivity

2

24.13

-3.89

-0.03

-0.04

-0.06

0.33* 0.19†

6.83

1.01

0.02

0.06

-0.04

Dorsal forearm

1

1.04

-1.84

0.02

0

-

0.15

-2.70

0.72

0.02

0.05

-

0.23*

-

thermosensitivity

2

10.21

-1.35

0

-0.01

-0.03

3.80

0.61

0.01

0.04

-0.02

0.31

0.08

-2.62

-1.66

0.04

0.07

-

0.14

-

18.66

-2.02

0

0.05

-0.07

Forehead

1

0.75

-4.93

0.02

0.04

-

thermosensitivity

2

16.29

-4.09

-0.01

0.02

-0.05

0.51* 0.23†

-

0.29* 0.14†
0.21

-

0.34* 0.13†
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0.57* 0.53†

0.38* 0.11†

0.30* 0.16†

considerably different body sizes, during standardized heat-production rates and
equivalent surface-area specific, heat-loss requirements. This level of control
produced almost identical mean body temperature changes that were also independent
of body size. This was essential to test the hypothesis that cutaneous vasomotor
function would be positively linked to the mass-specific surface area, while sudomotor
responses would be inversely related to that ratio (Chapter 1, Hypothesis 1). As
hypothesised, individuals with a greater specific surface area were able to rely more
heavily on changes in cutaneous blood flow during light work. Conversely, those with
a lower mass-specific surface area, but greater body mass, were more reliant upon
sweating, and this was most evident during moderate work. Indeed, both sweat
secretion and sudomotor sensitivity at three of the four measured sites were
significantly linked to the specific surface area. Moreover, that morphological
characteristic alone accounted for a significant, albeit modest, proportion of the interindividual variation in these responses (Chapter 1, Hypothesis 2).
These observations are important because the extent to which these effector
responses were a simple function of morphology, and the first principles governing
heat exchange, has remained uncertain. Others have identified the ratio between body
surface area and mass as a key determinant of deep-body temperature change during
exercise at matched absolute work rates (Shvartz et al., 1973; Epstein et al., 1983;
Docherty, 1986). Those findings can be ascribed to the use of the same absolute work
rates that elicited a greater heat-loss requirement in people with a lower mass-specific
surface area (Cramer and Jay, 2014). Although work intensities set relative to the
maximal aerobic power (Drinkwater et al., 1977; Havenith and van Middendorp,
1990; Falk et al., 1992) or body mass (Cramer and Jay, 2014) of participants reduces
that variability, the former standardisation increases the area-specific heat production
in those with greater aerobic fitness, while the latter elevates the area-specific heat
production in individuals with a lower specific surface area. In the current study,
exercise was completed at heat-production rates normalised to the body surface area.
With this design, equal heat-loss requirements were induced across all individuals
while variations in the secondary factors that independently influence thermoeffector
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function were minimised. These strategies resulted in approximately equal mean body
temperature changes across all participants (Table 3.3), despite large variations in
specific surface area (Figure 3.1A). This unique approach permitted an independent
evaluation of the impact of body morphology in determining which thermoeffector
function might provide more effective heat loss.
Under most thermal states, objects with a greater mass-specific surface area
exchange dry heat more readily, and this supports thermoregulation during light work
when the ambient temperature is below skin temperature (Wyndham et al., 1964;
Docherty et al., 1986; Rowland, 2008). It was therefore expected that smaller
individuals would be less reliant on evaporative cooling and more dependent on the
vasomotor-mediated, dry-heat exchanges to regulate body temperature (Chapter 1,
Hypothesis 1). That prediction was realised during light work, with cutaneous blood
flow possessing a positive relationship with the specific surface area (Figure 3.7), and
accounting for up to 46% of the inter-individual variation (Table 3.5). This outcome
may have a significant occupational relevance. Since workers are expected to operate
with minimal physiological and psychological impediments within warm-humid
conditions, then those with a larger mass-specific surface area may have superior
tolerance.
Whilst cutaneous blood flow increases within these smaller individuals should
have been accompanied by greater radiative and convective heat dissipation, the dryheat losses derived using partitional calorimetry were surprisingly similar among
individuals when normalised to body surface area (Table 3.3), and were unrelated to
the mass-specific surface area. That outcome was most likely due to those
approximations lacking the necessary sensitivity and precision to detect individual
differences in the autonomically mediated dry-heat losses, even though steady-state
requirements were satisfied. To test this, whole-body calorimetric evaluations of heat
exchange are required.
It was also hypothesised that larger individuals (smaller mass-specific surface
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area) would be forced to rely more heavily upon evaporative cooling (Chapter 1,
Hypothesis 1). That hypothesis was also accepted (Figure 3.8; Table 3.6). Moreover,
specific surface area was a principal determinant of whole-body sweating during
moderate work, explaining more than half of the inter-individual variation (Table
3.6). Nevertheless, that association was caused by an elevated absolute evaporative
requirement in those with a lower specific surface area (Table 3.3), which increases
whole-body sweating (Gagnon et al., 2013). Therefore, when the effects of body
surface area were removed, whole-body sweat rate was not significantly related to the
mass-specific surface area.
Despite those similarities, local sweat rate and sudomotor thermosensitivity at
the dorsal hand, dorsal forearm and forehead shared moderate negative relationships
with the mass-specific surface area (Figure 3.8; Table 3.4). Furthermore, that ratio
explained 11-19% of the inter-individual variation in those responses (Table 3.6).
Consequently, those with a lower specific surface area needed to maintain higher local
sweat rates to meet their total heat-loss requirements. Indeed, it is quite possible that,
under similar environmental and exercise conditions, gender-related differences in
thermoeffector responses can be partially explained on the basis of these
morphological attributes, and that possibility was investigated in the following
Chapter in this series (Chapter 4). While such individuals possess a larger fluid
reservoir (Watson et al., 1980), they may be disadvantaged during prolonged exercise
unless fluid consumption matches sweat losses.
It has been suggested that size-dependent variations in local sweat rates might
be reduced by prescribing work intensities on the basis of the area-standardised
evaporative cooling required to balance metabolic heat production (Cramer and Jay,
2014; Cheuvront, 2014; Cramer and Jay, 2015); a partitional calorimetric derivation
(Equation 3.10). The current authors were conceptually supportive of that, perhaps
overly complex, solution. Nevertheless, in our hands, that method did not fully
remove the affect of body size, with sweating at three of the four sites measured being
significantly related to the mass-specific surface area (Table 3.3; Figure 3.8), despite
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similarities in the area-specific evaporative requirement (Table 3.3). That discrepancy
may be explained by the well-known limitations of using local sweating to
approximate whole-body sudomotor function (Taylor and Machado-Moreira, 2013).
For instance, Cramer and Jay (2014) measured local sweating at two sites (upper back
and forearm) with Cramer and Jay (2015) reporting just one site (forearm), even
though the inter-site sudomotor variability is extensive before (Taylor and MachadoMoreira, 2013) and after heat adaptation (Patterson et al., 2004). Thus, those
selections may have introduced a bias since, in the current study, the relationship
between mass-specific surface area and upper-back sweat secretion did not approach
significance, while the only significant association with forearm sweating was evident
during light work. Indeed, the strongest associations with specific surface area were
observed at the dorsal hand and forehead (Figure 3.8). Therefore, apparent sizeindependent local sweat rates may not be representative of the interaction between
whole-body sweating and morphology. Instead, such responses may represent an
atypical phenomenon, depending upon where the sweat capsules are located.
Finally, the aim of this project was to minimise extraneous influences on the
autonomic control of heat loss, uncovering biophysical factors that independently
modulate both the passive and active heat-loss mechanisms. It was anticipated that a
thermoeffector recruitment cascade might exist, with the transition from one
mechanism to the next being determined by the effectiveness of each step, such that
progressive heat storage might precipitate a sequential activation of these effectors,
with larger individuals progressing rapidly and more fully from vasomotor to
sudomotor pathways. To explore that possibility, thermally compensable conditions
were required. Whilst the strength of this morphological explanation was only
moderate (46% for vasomotor and 11-19% for local sudomotor functions), it
represents the foundation upon which layers of genetic and phenotypic variations exist
(e.g., exercise, heat adaptation), further increasing the explained variance.
However, during hot, humid environments, that promote dry-heat gain and
lower the cutaneous water-vapour pressure gradient for evaporative cooling, it
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remains unclear whether these thermoeffector functions would still be morphologically
dependent. Under such conditions, dry-heat gain would be greater in those individuals
with a higher specific surface area, and it would be impossible for those individuals to
rely on vasomotor-mediated dry-heat losses to meet the total heat-loss requirement.
Nevertheless, to the best of our knowledge, this has not been assessed in a
morphologically diverse sample during conditions eliciting equivalent heat loss
requirements and body temperature changes across participants.
3.5 CONCLUSIONS
When challenged through matched increments in mean body temperature,
participants from a broad range of body sizes revealed a morphological dependency in
the activation of dry (vasomotor) and evaporative (sudomotor) heat-loss mechanisms.
To maintain heat balance under these compensable conditions, smaller individuals
(higher mass-specific surface area) were more dependent on the vasomotor pathway,
with forearm and cutaneous blood flows and vascular conductances sharing positive
associations with mass-specific surface area during light work. Indeed, approximately
45% of the variation in forearm blood flow and conductance could be explained on
the basis of inter-individual differences in specific surface area. On the other hand, a
moderate negative association was observed with sweat secretion, indicating that
larger individuals were obliged to be more reliant on the sweating mechanism, with
11-53% of that variance being morphologically dependent. This outcome may provide
mechanistic explanations for thermoregulatory differences observed between men and
women, as well as children and adults, under thermally compensable conditions.
Finally, it appears that the best way to elicit isothermal work rates in diverse
population samples is to standardise work rates to the body surface area.
Inter-individual variations in cutaneous vascular and sudomotor responses are
also thought to be related to other phenotypic and genotypic factors, including gender.
Gender-differences in these responses are often ascribed to physiological differences
between men and women, however, few have considered the possibility that such
variations are, perhaps solely, due to morphological differences between the male and
Page 175

female subjects studied. The outcomes from the current experiment provide strong
evidence to support this hypothesis, yet to the best of author’s knowledge, no study
has examined if differences in these thermoeffector responses between males and
females exist independently of variations in specific surface area during compensable
exercise conditions eliciting matched heat-loss requirements across participants.
Therefore, the purpose of the next experiment in this series was to identify whether or
not this morphological dependency may assist in explaining gender-related differences
in thermoeffector function.
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CHAPTER 4: THE INTERRELATION BETWEEN BODY MORPHOLOGY
AND GENDER ON VASOMOTOR AND SUDOMOTOR FUNCTION
4.1 INTRODUCTION
Numerous studies have observed gender differences in vasomotor and
sudomotor function during heat exposure (Hardy and DuBois, 1940; Wyndham et al.,
1965; Weinman et al., 1967; Dill et al., 1973; Bittel and Henane, 1975; Shapiro et
al., 1980; Gagnon and Kenny, 2011; Gagnon et al., 2013a). Whilst those differences
are often thought to be due to gender-related, physiological differences (Morimoto et
al., 1967; Stephenson and Kolka, 1993; Gagnon and Kenny, 2012), others have
suggested that divergence may be related to morphological variations in the ratio
between body surface area and mass (specific surface area; Nunneley, 1978; Burse,
1979; Kenney, 1985). The specific surface area determines the rate of passive heat
exchange in all objects, including humans, and has recently been shown to be a
significant predictor of the cutaneous vascular and sweating responses of males during
compensable exercise conditions (Chapter 3; Notley et al., 2016). That ratio may also
provide a strong mechanism to explain, perhaps wholly, gender differences in these
thermoeffector responses. However, previous evaluations of thermoregulatory
function in men and women of differing body size are sparse (Havenith and van
Middendorp, 1990; Havenith et al., 1995; Havenith et al., 1998; McLellan, 1998),
and have typically examined participants spanning a narrow body-size range, during
exercise conditions eliciting systematic, gender differences in the requirement for heat
loss and thermoeffector activation. Nonetheless, this information is fundamental for
understanding inter-individual variations in thermoeffector function in physically
heterogeneous, mixed-gender populations. Therefore, the purpose of the next phase of
this research was to perform a more controlled evaluation of the interrelation between
morphology and gender on vasomotor and sudomotor function, by assessing these
responses in a morphologically diverse sample of men and women, during exercise
conditions eliciting matched heat-loss requirements across participants.
Although some investigators have examined cutaneous vascular (Havenith and
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van Middendorp, 1990; Havenith et al., 1995; Havenith et al., 1998) and sudomotor
responses (Davies, 1979; Shapiro et al., 1980; McLellan, 1998; del Coso et al.,
2011) in men and women with differing physical characteristics, those studies often
involved a limited number of female participants, who did not span the body-size
range required to fully evaluate the morphological dependency of these thermoeffector
responses. These female participants also differed considerably from the male subject
group in other factors that may independently modulate these responses (e.g., age,
adiposity, endurance fitness). Whilst one group employed statistical procedures to
minimise the influence of such factors (Havenith and van Middendorp, 1990;
Havenith et al., 1995; Havenith et al., 1998), all participants were required to
exercise at either the same fixed absolute or relative work rates. Unfortunately, both
of these work intensities elicited systematic differences in metabolic heat production,
and therefore, body temperature change across men and women (Gagnon et al., 2008;
Gagnon et al., 2009; Jay, 2014), making it impossible to identify whether or not
gender differences in these thermoeffector responses were morphologically related, or
simply due to differences in thermoafferent drive. To fully evaluate this possibility,
these responses must be assessed in males and females spanning a wide body-size
range, during exercise conditions eliciting an equivalent (clamped) thermoafferent
flow across participants (Jessen, 1981; Gordon et al., 2004; Cotter and Taylor, 2005),
whilst controlling for the secondary factors that may influence thermoeffector
function. However, to the best of our knowledge, no study has attempted to examine
this hypothesis using this experimental design.
Females are generally smaller in body size and possess a morphological
configuration (higher specific surface area) that is better suited to dry-heat dissipation
in environmental conditions permitting those losses (Wyndham et al., 1964; Docherty
et al., 1986; Rowland, 2008). Therefore, under thermally compensable conditions,
females may display a greater dependence on cutaneous vasodilatation to maintain
heat balance, whilst simultaneously being less reliant on the sweating mechanism. On
the other hand, males are typically larger and possess a lower specific surface area for
heat exchange, and thus, may be forced to be more dependent on the sweating
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mechanism. Such a morphological dependency has recently been observed in males
during compensable exercise conditions (Chapter 3; Notley et al., 2016), and may
explain, at least in part, gender differences in these thermoeffector responses under
similarly compensable conditions (Nunneley, 1978; Burse, 1979; Kenney, 1985;
Schwiening et al., 2011).
Accordingly, the purpose of the current experiment was to evaluate the
interrelation between morphology and gender on vasomotor and sudomotor responses
under compensable exercise conditions eliciting matched heat-loss requirements in a
morphologically diverse sample of men and women. Since females are generally
smaller, and therefore, possess a higher specific surface area for dry-heat exchange, it
was first anticipated that vasomotor activity would be greater in females, whilst the
larger male subject group (lower specific surface area) would be forced to rely more
heavily on the sweating mechanism (Chapter 1, Hypothesis 3). It was also assumed
that cutaneous vascular responses would rise with increments in the specific surface
area in both men and women, whilst the required sudomotor contribution would
simultaneously be reduced (Chapter 1, Hypothesis 4). Finally, it was hypothesised
that, after accounting for individual variations in body morphology, gender would not
be a significant determinant of thermoeffector function (Chapter 1, Hypothesis 5). To
evaluate these hypotheses, vasomotor and sudomotor responses were simultaneously
examined in male and female subjects spanning an extensive body-size range, whilst
controlling for the secondary characteristics that may influence thermoeffector
activation (e.g., age, adiposity, aerobic fitness, acclimation state). Subjects performed
the same two experimental trials as investigation one (Chapter 3), which involved two
levels of compensable, steady-state exercise performed at fixed, area-specific
metabolic heat production rates in warm, dry conditions. This protocol was designed
to ensure that the total heat-loss requirement and body temperature change were
matched and clamped across subjects, so that these thermoeffector responses could be
quantified in the presence of equivalent thermoafferent flow. Research in this Chapter
has been communicated in abstract form (Notley et al., 2015).
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4.2 METHODS
4.2.1 Subjects
The same thirty-six males from study one (Table 3.1), as well as, twenty-four
healthy, young and physically-active, but not heat-adapted, females of widely varying
body size, participated in this study (Table 4.1). Subjects were first recruited from a
large University student sample, and then selected based on their morphological
configuration, so that they represented a broad range, and even distribution, of massspecific surface areas (Figure 4.1). The first selection criterion was aimed at reducing
variations in adiposity within each group, with an inclusion threshold for the heightadjusted sum of skinfold thicknesses being <88 mm (males) and <116 mm (females;
Ross and Marfell-Jones, 1991; Landers et al., 2013; for details see: Chapter 2,
Section 2.1). This represented the 60th percentile for the corresponding age- and
gender-specific Caucasian population (Bailey et al., 1982). To minimise ageing and
endurance training influences, selection was restricted to individuals <30 y, who
routinely performed aerobic exercise >3 h per week. To remove the influence of
differences in hormonal status across the menstrual cycle, female participants
performed these experiments within the first two weeks after the onset of their
self-reported menses. Females taking oral contraceptives (N=6) completed the study
during the no pill (placebo) phase of oral contraceptive use. With the exception of oral
contraception, subjects were not taking any medication. They were also non-smokers
who did not have a history of cardiovascular or thermal illness. The procedures for
this research were approved by the Human Research Ethics Committee (University of
Wollongong) in accordance with the regulations of the National Health and Medical
Research Council (Australia) under approval HE13/436. All participants provided
written, informed consent.
4.2.2 Procedures
4.2.2.1 Experimental overview
This study was an extension of experiment one (Chapter 3), with all
participants completing the same two experimental trials (Table 3.2). Each trial
involved steady-state rest (20 min) and cycling (45 min) at two matched and clamped
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Table 4.1: Physical characteristics of the male (N=36), female (N=24) and combined sample (N=60). Data are means with standard
deviations in parentheses, and ranges. Significant gender-differences are indicated by the symbol (P<0.05).
Males
Mean (SD)

Females
Range

Age (y)
21 (3)
18-30
Mass (kg)
75.0 (10.3)
56.3-94.2
Height (cm)
179.4 (8.2) 157.2-192.8
1.94 (0.17)
1.56-2.25
Surface area (m2)
2
-1
Mass-specific surface area (cm .kg )
259.9 (15.2) 232.3-292.7
Sum of skinfolds (mm)
58.1 (15.4)
42.0-90.0
Height-adjusted sum of skinfolds (mm)
55.2 (14.5)
39.7-88.0
-1
2.03-4.62
Absolute peak oxygen consumption (L.min ) 3.43 (0.60)
Peak oxygen consumption (mL.kg-0.87.min-1)
80.3 (11.1) 57.9-105.8

Combined

Mean (SD)

Range

21 (3)
64.9 (9.6)*
168.6 (8.4)*
1.74 (0.16)*
270.3 (17.3)*
82.0 (15.4)*
83.0 (15.4)*
2.28 (0.44)*
60.6 (9.4)*

18-30
50.0-84.9
154.0-183.9
1.47-2.06
241.2-303.1
51.0-120.0
49.9-113.5
1.51-3.15
42.7-74.3

Mean (SD)

Range

21 (3)
18-30
71.0 (11.1)
50.0-94.2
175.0 (9.8) 154.0-192.8
1.86 (0.19)
1.47-2.25
259.9 (15.2) 232.3-303.1
67.7 (19.3) 42.0-120.0
55.2 (14.5) 39.7-113.5
2.97 (0.78)
1.51-4.62
72.4 (14.2) 42.7-105.8

Note: The sums of six skinfold thicknesses (triceps, subscapular, supraspinale, abdominal, thigh, calf) were scaled to a common stature
(170.18 cm) to derive height-adjusted measures of skinfold thickness and to approximate adiposity (Ross and Wilson, 1974; Landers et
al., 2013). Peak oxygen consumption scores were scaled per unit of body mass raised to the exponent of 0.87 (after Weibel et al.,
2004; see Chapter 3, Section 3.2.2.3 for details).
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Figure 4.1: Variations in the mass-specific surface area (cm2.kg-1) of the male (blue
symbols) and female (red symbols) participants within this experiment, arranged in
descending order.
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metabolic heat production rates (light: ~135 W.m-2; moderate: ~200 W.m-2) in
warm, dry conditions (28oC, 36% relative humidity). Testing commenced in October
(Southern Hemisphere spring) and was performed over a 12 month period in a
temperate, coastal climate, with minimum and maximum daily air temperature
averaging 15.1oC (SD 3.1) and 21.5oC (SD 2.8), respectively. Trials were
administered in a balanced order and conducted at the same time of day. This
provided three experimental conditions (rest within each trial plus two exercise
intensities), with all 24 females completing both trials. When combined with data
from Chapter 3, a total of 60 individuals completed trial one (light work; 36 males
and 24 females) and 59 successfully completed trial two (moderate work; 35 males
and 24 females).
4.2.2.2 Experimental protocol
In this Chapter, the procedures are a replication of those used in Chapter 3
(see Chapter 3, Section 3.2.2 for full details), with subtle differences noted. On
separate days, fully hydrated females completed two exercise trials (cycling; Table
3.2), dressed in minimal clothing (singlet top [N=20] or sports bra [N=4], cotton
shorts, socks and sports shoes). The clothing on the upper torso differed across female
participants due to modesty reasons, with most subjects choosing to wear the same
polyester sports singlet (tank top) provided by the laboratory. Following a preparatory
period, in which subjects were equipped with deep-body (insulated auditory canal) and
skin thermistors, heart rate monitor and sweat capsules, subjects entered a climatic
chamber (28.1oC [SD 0.2], 36.2% relative humidity [SD 2.9]) with limited air
movement (<0.5 m.s-1). These conditions were chosen to ensure that thermal and
water-vapour pressure gradients existed between the skin surface and ambient air that
permitted both dry- and evaporative-heat dissipation. This was critical, since it
ensured that thermoeffector recruitment was not dictated by environmental, but by
physiological influences.
Each trial commenced with 20 min of seated rest on a mesh-lined chair, and in
a semi-recumbent position behind an electronically braked cycle ergometer (Excalibur
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Sport, Lode B.V., Groningen, The Netherlands). Subjects then cycled at a constant
frequency (60 rev.min-1) for 45 min at equivalent, normalized external work rates.
These were referenced to the body surface area of each participant, as this approach
was determined through pilot testing to yield equivalent changes in mean body
temperature (see Chapter 2, Section 2.3 for details). In a balanced order, but on
separate days, subjects exercised at both ~135 W.m-2 and ~200 W.m-2. These work
rates will be referred to hereafter as light and moderate work (respectively), as they
approximated 25.5% (SD 4.2) and 48.6% (SD 6.9) of the peak oxygen consumption
for males, and 32.2% (SD 6.0) and 63.8% (SD 13.4) for females.
Prior to experimentation, pilot trials were conducted to confirm that exercise
performed at a metabolic heat production rate standardised to body surface area would
elicit a matched and clamped body temperature across physically heterogeneous
population samples (see Chapter 2, Section 2.3 for details). Non-weight bearing
exercise (cycling) was used to minimise differences in heat production associated with
variations in body mass, while exercise was performed at fixed, surface area-specific
work rates to ensure that all subjects were required to dissipate heat in proportion to
their surface area to maintain heat balance. This standardisation ensured that steadystate body temperatures were equal across both male and female subjects, despite wide
variations in body morphology (Figure 4.1). In this state, it was possible to examine
cutaneous vascular and sudomotor responses in the presence of matched and clamped
thermoafferent drive.
The experimental work intensities were determined through pilot testing (see
Chapter 3, Section 3.2.2.2.1 for details), with the lighter work rate chosen, in
combination with the ambient conditions, to elicit a state where dry-heat loss could
largely satisfy the total heat-loss requirement. Conversely, the moderate intensity was
aimed at replicating conditions in which evaporative cooling would be dominant.
Thus, if either thermoeffector response was morphologically related, this design
would allow for the expression of that association to be identified. Nonetheless,
observations arising from this experiment relate only to physiologically compensable
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conditions and load-supported exercise (cycling) undertaken in warm and somewhat
dry conditions.
4.2.2.3 Preliminary session
Prior to commencing, and on a separate day, each participant completed a
laboratory familiarisation session, an incremental exercise test to volitional fatigue and
an anthropometric assessment (see Chapter 3, Section 3.2.2.3 for full details). The
anthropometric assessment included measures of height and body mass, which were
used to approximate body surface area (Equation 2.1; DuBois and DuBois, 1916).
Skinfold thicknesses (mm) were also measured at six locations (triceps, subscapular,
supraspinale, abdominal, thigh and calf) and used to obtain the height-adjusted sum of
skinfolds (170.18 / height * [sum of six skinfolds]; Ross and Wilson, 1974; Landers
et al., 2013), which represented each individual's relative adiposity (see Chapter 2,
Section 2.1 for details). Additionally, subjects completed an incremental exercise test
on a semi-recumbent cycle ergometer to determine peak oxygen consumption, which
commenced with a brief warm-up (2 min; 75 rev.min-1), followed by a ramp increase
in work rate (36 W.min-1) until volitional fatigue. Since those values have an
allometric relationship with body mass (Taylor et al., 1981; Nevill et al., 1992), data
were expressed per unit body mass raised to the exponent of 0.87 (mL.kg-0.87.min-1;
Weibel et al., 2004).
4.2.2.4 Experimental standardisation
Participants acted as their own controls, and the ambient conditions were
stable within and between trials. Subjects were instructed to refrain from strenuous
exercise and the consumption of alcohol during the 12-h period prior to each trial. For
the night preceding, they were instructed to drink 15 mL.kg-1 of additional water, and
to eat an evening meal and breakfast high in carbohydrate and low in fat. Dietary
recommendations were provided. In the morning, subjects were required to drink 500
mL of fluid with breakfast, and to refrain from caffeine consumption for 2 h before
presentation. Given the preparatory, equilibration and exercise periods, this ensured
caffeine abstinence for >5 h prior to data collection.
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On presentation, an isotonic drink was provided (10 mL.kg-1, sodium-chloride
concentration: 40-45 mmol.L-1) after which urine specific gravity was measured
(Clinical Refractometer no. 140, Shibuya Optical Co., Tokyo, Japan) to confirm
subjects were adequately hydrated. Across subjects, the mean pre-exposure urine
specific gravity was 1.019 (0.01) and 1.018 (0.01) for light and moderate work,
respectively. To maintain a standardised hydration state during testing, subjects
consumed 4 mL.kg-1 of this isotonic drink at the mid-point of each trial, served at
chamber temperature (28oC).
4.2.3 Measurements
The measurements during these trials were identical to study one (see Chapter
3, Section 3.2.3 for details). These measurements are described in Chapter 3, and are
summarised below for convenience.
4.2.3.1 Ambient conditions
A climatic-controlled chamber with limited air movement (<0.5 m.s-1) was
used to regulate and maintain air temperature (28.1oC [SD 0.2]), and relative humidity
(36.2% [SD 2.9]; water vapour pressure 1.4 kPa). Radiant (black globe) temperature
was monitored at the level of the subject (Type EU; Yellow Springs Instruments Co.
Ltd., Yellow Springs, Ohio, U.S.A.), and was within 0.5oC of air temperature
throughout trials (28.5oC [SD 0.5]).
4.2.3.2 Tissue temperatures
4.2.3.2.1 Deep-body temperature
Deep-body temperature was monitored using an ear-moulded plug with a
thermistor protruding 1 cm (Edale Instruments Ltd., Cambridge, U.K.), positioned
within the external auditory meatus (auditory canal temperature) and insulated with
cotton wool. Data were logged at 15-s intervals using a 16-channel data logger (Grant
Instruments Ltd., 1206 Series Squirrel, U.K.), and later downloaded to computer.
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4.2.3.2.2 Skin temperatures
Skin temperatures were measured from eight skin sites (forehead, chest,
scapula, upper arm, dorsal forearm, dorsal hand, thigh and calf; Type EU; Yellow
Springs Instruments Co. Ltd., Yellow Springs, Ohio, U.S.A.). These data were
collected at 15-s intervals (1206 Series Squirrel; Grant Instruments Ltd., Cambridge,
U.K.). Mean skin temperature (!sk) was derived from a weighted summation of the
eight local temperatures (Equation 3.1; ISO 9886, 1992).
4.2.3.2.3 Mean body temperature
Mean body temperature calculated as 80% of the deep-body, plus 20% of the
mean skin temperature, since trials were conducted in a warm environment (Hardy
and DuBois, 1938). In the absence of evidence to the contrary, it was assumed that
this weighting would accurately reflect changes in the heat content of a
morphologically diverse sample. Mean body temperature change during exercise was
calculated as the difference between the mean body temperature recorded during the
final 5 min of each steady-state exercise period and the pre-exercise rest period.
4.2.3.2.4 Thermistor calibration
Thermistors were calibrated prior to trials in a 38-litre water bath (Grant,
U.K.) with a National Association of Testing Authorities certified thermometer
(Dobbie Instruments, Dobros total immersion, Australia; see Chapter 3, Section
3.2.3.2.4 for details).
4.2.3.3 Cardiovascular responses
4.2.3.3.1 Heart rate
Heart rate was obtained from ventricular depolarisation throughout trials using
a heart rate monitor (Model PE3000 and Advantage, Polar Electro Sport Tester,
Finland), and later downloaded to a computer. Data were sampled at 15-s intervals.
4.2.3.3.2 Mean arterial pressure
Mean arterial pressure was derived (Equation 3.2) from blood pressures
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measured (manual auscultation) immediately prior to the measurement of cutaneous
blood flow during the final 5 min of each rest and exercise period, and at 10-min
intervals during recovery (MD 777 dual head stethoscope, MDF Instruments, Los
Angeles, California, U.S.A., and MDF 808 Calibra pro sphygmomanometer, MDF
Instruments, Los Angeles, California, U.S.A.).
4.2.3.3.4 Forearm and cutaneous blood flow
Limb segment and local cutaneous blood flow measurements were recorded
simultaneously to assess cutaneous vascular responses. Forearm blood flow was
recorded using a mercury-in-silastic strain gauge placed at the widest girth of the right
forearm (EC6 Plethysmograph, D.E. Hokanson Inc., Bellevue, Washington, U.S.A.).
Venous return was occluded proximal to the elbow joint by inflating a blood-pressure
cuff to a pressure of 50 mmHg (SC12D cuff, D.E. Hokanson Inc., Bellevue,
Washington, U.S.A.). This was automatically controlled (AG 101 Cuff inflator air
source and E20 rapid cuff inflator, D.E. Hokanson Inc., Bellevue, Washington,
U.S.A.), and followed a cycle of 8 s inflated and 12 s deflated, with 3 cycles.min-1.
Data were collected for ~2.5 min during the final 5 min of each rest and exercise
period. A wrist cuff was simultaneously inflated to 20 mmHg above systolic blood
pressure prior to data collection, to remove measurement artefacts introduced by
variations in hand blood flow. This was deflated after each measurement. It was
implicitly assumed that, whilst venous-occlusion plethysmography detects flow
changes within all vascular beds, those measurements would primarily reflect
cutaneous blood flow responses in both resting (Edholm et al., 1956; Detry et al.,
1972) and exercising individuals (Johnson and Rowell, 1975), provided the limb
remained inactive. To minimise movement artefacts and to position the limb above
heart level, the arm was supported and stabilised at the wrist and upper arm using
mesh slings, anchored and tensioned at four points to optimise comfort and minimise
local-pressure effects (Figure 3.4B).
Laser-Doppler flowmetry (TSI Laserflo BPM2 with a P-435 laser fibre optic
probe, Vasamedics Inc., St. Paul, Minnesota, U.S.A.) was used to estimate local
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cutaneous blood flow. The fibre optic probe was secured using double-sided tape at
the mid-point of the left ventral forearm. This location was found to best represent
forearm cutaneous blood flow (Cotter et al., 1993), and it was marked to ensure the
probe placement was identical between trials. The forearm was stabilised at heart level
throughout experimentation. Data were recorded for ~2.5 min during the final 5 min
of each rest and exercise period. Exercising measurements (arbitrary blood flow units)
were expressed as a percentage of the resting (baseline) values. Due to technical
difficulties, these measurements were not performed on some subjects (trial one: N=3
[males], N=11 [females]; trial two: N=6 [males], N=10 [females]).
4.2.3.3.5 Forearm and cutaneous vascular conductance
Whilst blood flow determines the rate of convective heat transfer (mass flow),
that flow is a function of both mean arterial pressure and total peripheral resistance.
Therefore, to account for changes in blood flow due to changes in blood pressure,
both forearm and local cutaneous blood flow measurements were also expressed in
conductance units by normalising those data to changes in mean arterial pressure (see
Section 4.2.3.3.2 for details).
4.2.3.4 Sudomotor responses
4.2.3.4.1 Whole-body sweat rate
Gross mass changes (before and after each steady-state period) were used to
determine whole-body sweat losses (±20 g; fw-150k, A&D Weighing, California,
U.S.A.). Data were corrected for fluid replacement and urine production, with
respiratory and metabolic mass losses approximated using standard derivations (Gagge
and Gonzalez, 2011). Whole-body sweat rate is often normalised to the body surface
area to minimise inter-individual variability. However, this can introduce a bias when
that relationship varies significantly from linearity, or does not pass through zero
(Tanner, 1949; Nevill et al., 1992). To remove this bias, individual sweat rates were
adjusted by first determining the group (males and females combined) regression slope
between whole-body sweat rate and body surface area. Normalised whole-body sweat
rates were then calculated by subtracting each individual’s sweat rate from the product
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of this regression slope and the difference between each person’s body surface area
and the group mean body surface area (see Chapter 2, Section 2.2.2.4.2 for details).
Since the unadjusted sweat losses were also used to derive the rate of
evaporative heat dissipation (Gagge and Gonzalez, 1996), those data were also
adjusted using this method. However, all remaining heat exchanges shared an
approximate linear relationship with body surface area that passed through, or near to,
the origin when expressed in absolute terms (W), and therefore did not suffer from the
bias that is often associated with surface-area normalisation.
4.2.3.4.2 Local sweat rate
Ventilated sweat capsules (3.16 cm2) were used to simultaneously measure
local sweat rates from four sites (dorsal hand, dorsal forearm, upper back and
forehead) throughout each trial. These were glued to the skin to prevent pressure
artefacts (Collodion U.S.P., Mavidon Medical Products, Florida, U.S.A.). Low
humidity air was obtained by passing room air over an enclosed, saturated, lithium
chloride solution housed outside the chamber, with the local air temperature
independently measured. Air collected from above this solution will remain at 12%
relative humidity over a broad range of temperatures (Winston and Bates, 1960), and
was pumped through each sweat capsule at flows that ensured the complete
evaporation of sweat (600 mL.min-1), and through tubes long enough to guarantee
thermal equilibration with chamber air temperature. Post-capsular (exhaust) air
temperatures (thermistors) and humidities (capacitance hygrometers) were
continuously sampled downstream (1 m) as part of an integrated sweat monitor system
(Clinical Engineering Solutions, NSW, Sydney, Australia). Temperature and humidity
sensors were equilibrated with the target ambient conditions prior to experimentation.
Data were recorded at 1-s intervals (DAS1602; Keithley Instruments, Inc., Cleveland,
Ohio, U.S.A.) and used to derive local sweat rates using in-house software (Taylor et
al., 1997; Equation 3.3). Hygrometer calibration, using saturated solution standards,
preceded experimentation (see Chapter 3, Section 3.2.3.4.2 for details). Due to
technical difficulties, these measurements were not determined in some female
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subjects at the forearm (light work: N=1; moderate work: N=3), hand (light work:
N=1; moderate work: N=3) and forehead (moderate work: N=4).
4.2.3.4.3 Sudomotor onset and sensitivity
The onset of sweating was defined as the time points after the commencement
of steady-state rest, beyond which local sweat rate was elevated, and established
above baseline for at least 5 min. The corresponding mean body temperature at these
time points was defined as the threshold temperature for the onset of sweat secretion.
Sudomotor sensitivity (gain) was calculated for each participant within the 5-min
period after sweating first exceeded basal levels, and remained so for at least 5 min.
This was determined as the slope of the linear regression relationship between mean
body temperature and post-threshold sweating data (Patterson et al., 2004; Figure
3.5).
4.2.3.5 Oxygen consumption and carbon dioxide production
Expired gases and air flows were analysed continuously using a respiratory
gas-analysis system (TrueOne 2400, ParvoMedics Inc., Utah, U.S.A.), and used to
derive oxygen consumption, carbon dioxide production and minute ventilation as 15-s
averages. The analysers were calibrated before each trial using alpha gas standards
(15.97% oxygen, 4.03% carbon dioxide, balance nitrogen). Data collection was
briefly interrupted (~2 min) to obtain whole-body mass measurements prior to
commencing (20 min), and at the completion of, exercise (65 min).
4.2.3.6 Indirectly derived heat production and exchange
The components of heat balance were approximated during exercise using
partitional calorimetry and normalised to each individual’s body surface area, unless
stated otherwise (W). The duration of each exercise period (45 min) was set to satisfy
the steady-state requirements essential for these calculations to be valid. The first
derivation was metabolic rate (M; Equation 3.4; Nishi, 1981). External work rate (W)
was controlled to maintain metabolic heat production (Hprod: [M-W]) at ~135 W.m-2
or ~200 W.m-2 for each participant.
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Dry heat exchanges (Hdry) were calculated as the sum of the radiative and
convective exchanges (Equation 3.5; Nishi, 1981). Convective (Cres) and evaporative
(Eres) heat exchanges within the respiratory tract were derived from metabolic heat
production rate, the air temperature and absolute ambient air humidity (Pa [kPa];
Equation 3.7; Fanger, 1972). Measurements of whole-body mass loss (g), corrected
for fluid intake, urine production, and respiratory (Equation 3.8) and metabolic
(Equation 3.9) mass losses (Gagge and Gonzalez, 1996), were multiplied by the latent
heat of sweat vaporisation (2426 J.g-1) to determine the rate of evaporative heat loss
(E; J.s-1), and expressed per square metre of body surface area (W.m-2). It was
assumed all mass changes reflected fluid losses. It was also assumed that the thermal
energy for this phase change was taken wholly from the skin, although this
assumption is less valid in hotter states. The evaporative requirement for heat balance
(Ereq) was determined by subtracting the metabolic heat production rate from the sum
of the dry, convective and evaporative respiratory heat exchanges (Equation 3.10;
Gagge and Gonzalez, 1996).
4.2.3.7 Psychophysical measures
Thermal sensation and discomfort were assessed at 10-min intervals during the
rest and exercise phases of each trial. Fractionated ratings (whole body, legs and
chest) of perceived exertion were also assessed at 10-min intervals during exercise.
Instructions for the use of all scales were read to each subject prior to commencing
each trial, and a sheet containing full instructions and each rating scale was provided
to each subject (Figure 3.6).
4.2.4 Design and data analysis
This study was based on a two-factor repeated-measures design (metabolic heat
production: rest and cycling at two intensities; gender: males and females). All data,
with the exception of whole-body sweat secretion, were collected throughout and
averaged over the final 5 min of each steady-state period. Between-group differences
in subject characteristics and physiological responses were compared using unpaired
t-tests. Individual differences in resting physiological responses between trials were
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evaluated using paired t-tests. Relationships between the physiological responses and
variations in the specific surface area were assessed within both the male and female
subject groups and also when these data were pooled (combined group), using
Pearson’s correlation coefficient. The strength of the association between specific
surface area and the psychophysical variables (ordinal data) were assessed using
Spearman’s rank order correlation coefficient. Correlations were classified as being of
weak, moderate or strong effect size (r#0.10, r=0.3 and r$0.5, respectively; after:
Cohen, 1988).
To identify the individual thermoeffector variance explained uniquely by
gender and the specific surface area, after first accounting for individual differences in
the secondary factors that may independently influence these thermoeffector
responses, hierarchical, multiple-linear regression analyses were also performed on
the thermoeffector responses that shared significant relationships with specific surface
area within both the male and female subject groups. These analyses were identical to
those of Chapter 3, but were now performed on the pooled data from both males and
females (combined group). Three predictive models were used. Model one
incorporated the mean body temperature change, peak oxygen consumption and the
height-adjusted sum of skinfolds. These were the design-controlled variables. For
model two, these three variables were combined with the specific surface area. In
model three, gender was assigned a nominal code (0 [males], 1 [females]) and
combined with these design-controlled variables and the specific surface area.
Changes in the coefficients of determination (r2) between models one and two
represented the proportion of thermoeffector variance that could be independently
explained by differences in the specific surface area, after first accounting for
individual variations in the three design-controlled variables. The change in the
coefficient of determination between models two and three corresponded to the
additional themoeffector variance explained by differences in gender, after accounting
for these design-controlled variables and the specific surface area. These three models
were compared using analysis of variance.
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An a priori power analysis indicated that the minimum sample size required to
detect a change in the coefficient of determination between models of large effect size
(Cohen’s f 2: 0.35), and with at least 80% statistical power, was 42 subjects (Cohen,
1988). Therefore, with the current sample (N=60), these regression analyses were
adequately powered (>80%) at the large effect-size level. Test assumptions of
normality, linearity and homoscedasticity were determined by inspecting quantilecomparison, scatter and residual plots (see Chapter 2, Section 2.2.3.2 for details).
Collinearity, as assessed using the variance inflation factor, was low between
independent variables (range: 1.018-3.532). Alpha was set at the 0.05 level for all
statistical comparisons, with data reported as means and standard errors of the means
(±) unless stated otherwise (standard deviation [SD]).
4.3 RESULTS
4.3.1 Subject characteristics
To thoroughly evaluate the morphological dependence of thermoeffector
function, it was essential that subjects spanned a sufficiently wide range of body sizes.
This design requirement was satisfied by selecting male subjects to include those who
differed by as much as 40 kg in body mass and 0.6 m2 in body surface area, and
female subjects who differed by more than 30 kg in body mass and 0.6 m2 in surface
area. This resulted in a pronounced variation in the mass-specific surface area across
both the male and female subject groups (Table 4.1), with an even distribution of
individuals across this range (Figure 4.1). The height-adjusted sum of skinfolds,
however, were similar within each group (Table 4.1), with these data placing all
subjects between the 40th to 60th percentiles of the age- and gender-specific normative
distribution for relative adiposity (Bailey et al., 1982).
Whilst the male and female subject groups both spanned a wide and even
distribution of body sizes (Figure 4.1), the female group, on average, were shorter,
lighter and had a lower surface area and peak aerobic power. In addition, they had a
higher specific surface area and height-adjusted sum of skinfolds (Table 4.1;
P<0.05). Since between-group differences in aerobic fitness and adiposity may have
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an independent influence on both vasomotor and sudomotor responses, those factors
were statistically controlled before evaluating the independent contributions of gender
and morphology to explaining inter-individual variations in thermoeffector responses
(see Section 4.2.4).
4.3.2 Indirectly derived heat production and exchange
Metabolic heat production was fixed at an equivalent, surface area-specific
intensity for both males (light work: 139 W.m-2 [SD 7]; moderate work: 207 W.m-2
[SD 11]) and females (light work: 138 W.m-2 [SD 8]; moderate work: 205 W.m-2 [SD
11]). Accordingly, neither external work (males: 21 ±0 [light] and 61 ±1 W.m-2
[moderate]; females: 22 ±1 [light] and 59 ±1 W.m-2 [moderate]) nor metabolic heat
production differed significantly with either variations in mass-specific surface area
(P>0.05) or between groups (P>0.05). This meant that all subjects were required to
dissipate heat in proportion to his or her surface area to maintain thermal balance. To
the best of our knowledge, this is the first investigation to achieve this across a
morphologically diverse sample of men and women.
The dry- and evaporative-heat losses, as well as the evaporative heat-loss
requirement were also similar across participants (Table 4.2), and did not differ
significantly between men and women (P>0.05). Moreover, these data were not
significantly related to the specific surface area in either the male or female subject
groups (P>0.05). However, since the metabolic heat-production rate was fixed
according to each individual’s body surface area, expressing these data in absolute
terms revealed strong, negative relationships with the specific surface area (Table 4.3;
all P<0.05). The only exception was the relationship between the absolute
evaporative heat-loss requirement and the specific surface area during light work in
females, which did not approach significance (P>0.05).
4.3.3 Body temperature
Resting deep-body, mean skin and mean body temperatures were similar
between both trials (Table 4.4; P>0.05). Mean skin temperature was significantly
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Table 4.2: Heat exchanges, body temperatures, cardiovascular and vasomotor responses during two steady-state exercise intensities. Subjects
performed two trials (28oC; 36% relative humidity), each commencing with seated rest (20 min) and followed by either light (~135 W.m-2; N=36
[males]; N=24 [females]) or moderate (~200 W.m-2; N=35 [males]; N=22 [females]) exercise (45 min). Data are means and standard errors of the
means. Significant between-group differences are indicated by the symbol (P<0.05).
Light work
Females

Males
Dry-heat loss (Equation 3.5)
Evaporative-heat loss (mass change)
Evaporative heat-loss requirement (Equation 3.10)
Auditory canal temperature
Mean skin temperature
Mean body temperature
Heart rate (b.min-1)
Mean arterial pressure (mmHg)

50 ±1
63 ±3
83 ±1
37.0 ±0.0
33.3 ±0.1
36.3 ±0.0
92 ±2
92 ±1

Forearm (mL.100 mL-1.min-1)
Local (% of initial resting value)*

5.29 ±0.15
145.7 ±13.4

Forearm (mL.100 mL-1.min-1.mmHg-1)
Local (% of initial resting value)*

0.06 ±0.00
134.4 ±13.0

Moderate work
Females
Combined

Combined
Males
Heat exchange (W.m-2)
48 ±2
49 ±1
56 ±1
56 ±1
56 ±1
69 ±3
65 ±2
163 ±5
159 ±8
161 ±5
84 ±2
83 ±1
142 ±2
139 ±2
141 ±1
o
Body temperature ( C)
37.0 ±0.1
37.0 ±0.0
37.2 ±0.1
37.4 ±0.1
37.3 ±0.0
33.2 ±0.1
33.2 ±0.1
33.9 ±0.1
33.9 ±0.1
33.9 ±0.1
36.3 ±0.1
36.3 ±0.0
36.6 ±0.0
36.7 ±0.1
36.6 ±0.1
Cardiovascular responses
105 ±3*
97 ±2
133 ±3
150 ±3*
139 ±3
89 ±1*
88 ±1
101 ±1
96 ±1*
98 ±1
Cutaneous blood flow
7.45 ±0.30* 6.15 ±0.20 8.46 ±0.38 9.54 ±0.34 8.88 ±0.88
177.7 ±24.7 155.7 ±12.4 293.1 ±18.1 284.1 ±23.7 289.8 ±16.6
Cutaneous vascular conductance
0.08 ±0.00* 0.07 ±0.00 0.08 ±0.00 0.10 ±0.00* 0.09 ±0.00
168.6 ±24.8 145.1 ±12.2 248.1 ±16.1 236.7 ±20.1 243.9 ±13.4

Note: * Local cutaneous blood flows and vascular conductances were not determined in all participants due to technical difficulties (light work: N=3
[males], N=11 [females]; moderate work: N=6 [males], N=10 [females]).
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Table 4.3: Correlation coefficients between the specific surface area and the absolute, indirectly derived heat exchanges and sudomotor sensitivity
during light (~135 W.m-2; N=36 [males]; N=24 [females]) and moderate (~200 W.m-2; N=35 [males]; N=22 [females]) moderate exercise
(~200 W.m-2; N=35), following a 20 min resting, thermal equilibration period (28oC; 36% relative humidity). Only significant correlations are
provided (P<0.05).
Males
Metabolic heat production (metabolic rate - external work)
Dry-heat loss (Equation 3.5)
Evaporative-heat loss (mass loss)
Evaporative heat-loss requirement (Equation 3.10)

-0.64
-0.51
-0.55
-0.48

Dorsal hand
Dorsal forearm
Dorsal forehead

-0.46
-0.33
-0.47

Light work
Moderate work
Females Combined
Males
Females Combined
Heat production and exchange (W)
-0.60
-0.67
-0.67
-0.80
-0.74
-0.45
-0.54
-0.55
-0.74
-0.66
-0.47
-0.52
-0.73
-0.49
-0.66
-0.48
-0.56
-0.64
-0.60
-2
-1 o -1
Sudomotor sensitivity (mg.cm .min . C )
-0.39
-0.47
-0.62
-0.58
-0.39
-0.37
-0.43
-0.44
-0.45
-0.48

Note: Negative correlations between heat exchanges expressed in absolute terms and the mass-specific surface area were expected, and reflect the
increases in body surface area that accompany decreases in mass-specific surface area. Correlations between heat exchanges normalised to body
surface area and the mass-specific surface area did not approach significance (P>0.05).
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Table 4.4: Resting body temperatures, cardiovascular and vasomotor responses during the light- (N=36 [males]; N=24 [females]) and moderatework trials (N=35 [males]; N=22 [females]). Data are means and standard errors of the means obtained during the seated rest period (20 min)
preceding exercise (28oC; 36% relative humidity). Significant gender-differences are indicated by the symbol (P<0.05).
Light-work trial
Males

Females

Moderate-work trial
Combined

Males

Females

Combined

Body temperature (oC)
Auditory canal temperature

36.8 ±0.0

36.8 ±0.0

36.8 ±0.0

36.8 ±0.0

36.9 ±0.1*

36.8 ±0.0

Mean skin temperature

33.2 ±0.1

32.8 ±0.1*

33.1 ±0.1

33.2 ±0.1

32.9 ±0.1*

33.1 ±0.1

Mean body temperature

36.1 ±0.0

36.0 ±0.0

36.1 ±0.0

36.1 ±0.0

36.1 ±0.0

36.1 ±0.0

Cardiovascular responses
Heart rate (b.min-1)

72 ±2

80 ±2*

75 ±2

75 ±2

83 ±3*

78 ±2

Mean arterial pressure (mmHg)

88 ±1

86 ±1

87 ±1

89 ±1

86 ±1

88 ±1

Cutaneous vascular blood flow (mL.100 mL-1.min-1)
Forearm

3.68 ±0.18

4.71 ±0.26*

4.09 ±0.16

3.89 ±0.18

4.56 ±0.35
-1

-1

4.15 ±0.18
-1

Cutaneous vascular conductance (mL.100 mL .min .mmHg )
Forearm

0.04 ±0.00

0.05 ±0.00*

0.05 ±0.00
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0.04 ±0.00

0.05 ±0.00*

0.05 ±0.00

greater in the male subject group during rest in both the light and moderate work
trials (P<0.05), while resting deep-body temperature was significantly greater in the
female subject group during moderate work (Table 4.4; P<0.05). However, all other
resting body temperatures were similar between men and women (Table 4.4;
P>0.05). Body temperatures were also similar across subjects during both light and
moderate work (Table 4.2), and did not differ significantly between men and women
(P>0.05). These temperatures exceeded air and radiant temperatures throughout all
trials, permitting dry-heat transfer from the skin to the ambient medium, and thus,
satisfied the first experimental design criterion. Body temperatures were not
significantly associated with the specific surface area during either trial (P>0.05).
The only exceptions were during light work in males, where deep-body and mean
body temperatures shared significant relationships with that ratio (r=0.36 and
r=0.33, respectively; both P<0.05).
By design, the mean body temperature changes were similar across subjects
during both light (0.2oC ±0.0) and moderate exercise (0.5oC ±0.0; Figure 4.2), and
did not differ significantly between the male and female groups (P>0.05).
Furthermore, the mean body temperature changes during both work rates were not
significantly related to the specific surface area within both the male and female
subject groups or when these groups were combined (P>0.05). This outcome
confirmed that thermoafferent flow was stable and clamped across participants, so that
both vasomotor and sudomotor functions could be quantified in the presence of
equivalent thermal stimuli. The only exceptions were two females, who displayed a
mean body temperature change during moderate work that exceeded the combined
group mean (0.5oC ±0.0) by more than three standard deviations (F11: 1.2oC; F13:
1.4oC). Since it was essential that the mean body temperature change was matched
across subjects, these individuals were excluded from further analysis.
4.3.4 Cardiovascular responses
4.3.4.1 Heart rate and mean arterial pressure
Resting heart rate and mean arterial pressure did not differ significantly
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Figure 4.2: Mean body temperature changes for the male (blue lines and symbols)
and female (red lines and symbols) subject groups during exercise (45 min) performed
at fixed, area-specific metabolic heat-production rates of either ~135 W.m-2 (light
work; open symbols) or ~200 W.m-2 (moderate work; shaded symbols), following a
resting, thermal equilibration period in a warm-dry environment (28oC; 36% relative
humidity). Data are presented as average response curves (sampled at 15-s intervals)
with means and standard errors of the means provided at 5-min intervals.
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between trials (Table 4.4; P<0.05). However, since the female subject group
possessed a lower peak aerobic power (Table 4.1; P<0.05), and therefore, may have
been of lower cardiorespiratory fitness, it was not surprising that resting (Table 4.4)
and exercising heart rates (Table 4.2) were significantly greater in the female subject
group (P<0.05). Mean arterial pressure was also greater in the male subject group
during both trials (P<0.05). Nonetheless, heart rate and mean arterial pressure were
similar within each group during both light and moderate work (Table 4.3), and did
not share a significant association with the specific surface area (P>0.05). The only
exception was mean arterial pressure during moderate work, which shared a
significant, negative association with the specific surface area in the combined group
(r=-0.37; P<0.05). However, this association was also anticipated, and is consistent
with observations from physically diverse populations (Patterson et al., 1975;
Seymour and Blaylock, 2000; White and Seymour, 2014; see Chapter 3, Section
3.3.4.1 for details).
4.3.4.2 Cutaneous vascular responses
Forearm blood flow and vascular conductance did not differ significantly
between trials at rest within the male and female groups (Table 4.4; P>0.05).
However, resting forearm blood flow and vascular conductance were significantly
greater in females (Table 4.4; P<0.05). Forearm blood flow during light work and
forearm vascular conductance during light and moderate work were also significantly
greater in the female subject group (Table 4.2; P<0.05). Forearm blood flow and
forearm vascular conductance, as well as local cutaneous blood flow and cutaneous
vascular conductance possessed strong, positive associations with the specific surface
area in both males and females during light work (Figure 4.3; P<0.05), and during
both work rates in the combined group (P<0.05). During moderate work, forearm
blood flow (Figure 4.3B) and vascular conductance (Figure 4.3D) were also positively
related to the mass-specific surface area in females (P<0.05).
Hierarchical regression analysis was then used to identify the variations in
cutaneous vascular responses that could be independently explained by the
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Figure 4.3: Relationships between the specific surface area and forearm blood flow (A, B), forearm
vascular conductance (C, D), cutaneous blood flow (E, F) and cutaneous vascular conductance (G, H)
during light and moderate work. Data were collected during exercise (45 min) at either ~135 W.m-2
(N=36 [males; blue open symbols] and N=24 [females; red open symbols], light work) or ~200 W.m2

(N=35 [males; blue shaded symbols] and N=22 [females; red shaded symbols], moderate work)

following seated rest (20 min; 28oC; 36% relative humidity). Data are presented as means for the final
5 min of each steady-state exercise period. Least squares, linear regression lines (solid blue [males] and
red [females], dashed black [combined]) are provided for the significant correlations only (P<0.05).
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design-controlled variables (model one: mean body temperature change, peak oxygen
consumption and the height-adjusted sum of skinfolds) and the additional variance
independently explained by variations in the specific surface area (model two) and
gender (model three; Table 4.5). Model one was a significant predictor of forearm
blood flow and vascular conductance during light work only (Table 4.5; P>0.05).
Model two, however, which now included the specific surface area, provided a
significant prediction of forearm blood flow and vascular conductance during both
work rates (Table 4.5; P>0.05), as well as both cutaneous blood flow and vascular
conductance during light work (P>0.05). The specific surface area alone could
explain between 17-48% of the individual variations within forearm blood flow and
vascular conductance across both trials (respectively), as well as 33% and 35% of the
variations in cutaneous blood flow and vascular conductance during light work
(respectively; Table 4.5; P<0.05). Model three, which included these designcontrolled variables, the specific surface area and gender, was also a significant
predictor of these cutaneous vascular responses (Table 4.5; P<0.05). However,
gender alone did not significantly increase the explained variance in either exercise
state (Table 4.5; P>0.05). The only exceptions were forearm blood flow and
vascular conductance during light work, where gender uniquely explained 3% and 5%
of the individual variations (respectively; Table 4.5; P<0.05). This outcome indicates
that gender differences in cutaneous vascular function are, almost entirely,
morphologically related, rather than gender dependent.
4.3.5 Sudomotor responses
Steady-state sudomotor responses are displayed in Table 4.5. Whole-body
sweat rate during both light (155 ±5 [females] and 188 ±9 [males] g.h-1) and
moderate work (352 ±16 [females] and 513 ±22 [males] g.h-1) differed significantly
between men and women (P<0.05), and shared strong, negative associations with
specific surface area in both groups and when combined (Figure 4.3; P<0.05).
However, these outcomes were predictable, as all participants exercised at heat
production rates that were a function of his or her body surface area. This caused a
negative association between the absolute evaporative heat-loss requirement the
specific surface area (Table 4.3; P<0.05), and therefore, increased whole-body
sweating in those larger individuals (Gagnon et al., 2013b). Nonetheless, when these
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Table 4.5: Coefficients of determination (r2) and their changes ()r2) for three regression models used to predict cutaneous vascular responses during
light (~135 W.m-2; N=60) and moderate exercise (~200 W.m-2; N=57). Model one included the mean body temperature change ()!b), heightadjusted sum of skinfolds (3skf) and peak oxygen consumption (V̇O2peak), model two included those design-controlled variables and the mass-specific
surface area (AD/mass), and model three included the designed-controlled variables, specific surface area and gender (Gender). Significant predictors
of thermoeffector responses (*) and changes in the coefficient of determination (r2) between models one and two (†), and models two and three (‡)
are indicated by the symbols (P<0.05).
Light work
Dependent

Intercept

variable

Model (constant) )!b

Forearm

1

9.39

blood

2

-13.26

flow

3

Local

1

Moderate work

Slope coefficients

Intercept

3skf V̇O2peak AD/mass Gender
r2
-0.73 0.01 -0.05
0.25*

-0.30

0.04

-10.30

-0.26

0.02

273.57

80.24 -0.70

2

-875.55 47.93 0.94

0.47

3.53

-

0.38*

blood flow

3

-888.78 47.52 1.02

0.42

3.58

-5.90

Forearm

1

0.10

-0.01

0

0

-

vascular

2

-0.20

0

0

0

0

conductance

3

-0.16

0

0

0

0

Local cutaneous

1

268.31

44.78 -0.61

-1.38

-

vascular

2

-885.78 12.32 1.03

0.45

3.55

3

-894.85 12.04 1.09

0.41

3.58

cutaneous
*

*

conductance

Slope coefficients

)r2

(constant)

)!b

3skf

-

13.25

-2.00

0

-5.83

-1.56

0.02

0

0.07

-

0.65*

0.40†

0

0.05

1.00

0.69*

0.03‡

-1.34

-

V̇O2peak AD/mass Gender
-0.05
-

r2

)r2

0.08

-

-0.01

0.05

-

0.25*

0.17†

-0.55

0.26*

0.01

0.06

-

-7.35

-1.70

0.03

-0.01

0.06

523.91

58.25

-1.81

-2.11

-

0.33†

-128.79

86.78

-0.99

-0.93

1.92

-

0.14

0.08

0.38*

0.00

-200.61

78.85

-0.56

-1.15

2.20

-28.03

0.15

0.01

0.21*

-

0.12

-0.02

0

0

-

0.07

-

-

0.69*

0.48†

-0.14

-0.02

0

0

0

-

0.33*

0.26†

0.01

0.74*

0.05‡

-0.02

-0.02

0

0

0

0

0.33*

0.00

0.03

-

404.07

25.55

-1.35

-1.24

-

0.05

-

-

0.38*

0.35†

-128.51

48.83

-0.68

-0.28

1.57

-

0.11

0.06

-4.05

0.38*

0.00

-187.27

42.34

-0.33

-0.46

1.80

-22.93

0.12

0.01

0.05

Note: *Local cutaneous blood flows and vascular conductances were not determined in some participants due to technical difficulties (see methods):
light work (N=14) and moderate work (N=16).
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data were normalised to the body surface area, the evaporative heat-loss requirement
and whole-body sweat rate, did not share significant relationships with the specific
surface area (P>0.05). Normalised whole-body sweat rates were also similar between
the male and female groups during light work (175 ±8 and 175 ±4 g.h-1,
respectively; P>0.05), but differed significantly between groups during moderate
work (470 ±14 [males] and 404 ±16 g.h-1 [females]; P<0.05).
Local sweat rates also differed significantly between the male and female
groups at the dorsal hand, forearm and forehead during moderate work (Table 4.6;
P<0.05), but were similar between groups during light work and at the upper back
during both work intensities (P>0.05). Local sweat rates at the dorsal hand, forearm
and forehead also shared moderate, negative relationships with the specific surface
area during both light and moderate work for the male subject group and the
combined group (Figure 4.4; P<0.05). The only exception was the dorsal forearm
sweat rate, where this association approached significance in males during light work
only (Figure 4.4D; P<0.05). In females, however, local sweat rates shared
moderate, negative associations with that ratio at the dorsal hand and forehead during
moderate work (Figure 4.4; P<0.05), but did not correlate significantly with the
specific surface area during light work (P>0.05).
Sudomotor sensitivities did not differ significantly between males and females
during light work (P>0.05). The only exception was the sudomotor sensitivity at the
forehead, which was significantly greater in males (Table 4.6; P<0.05). During
moderate work, however, sudomotor sensitivities at the dorsal hand, dorsal forearm
and forehead were significantly greater in the male subject group (Table 4.6;
P<0.05). The sensitivity of the local sweating responses at the dorsal hand, dorsal
forearm and forehead were also negatively associated with the specific surface area
during both light and moderate work for the male subject group and the combined
group (Table 4.3; P<0.05). The one exception was sudomotor sensitivity at the
forearm for the combined group, which did not correlate significantly with the
specific surface area during light work (P>0.05). However, in the female subject
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Table 4.6: Sudomotor and psychophysical responses during two steady-state exercise intensities. Subjects performed two trials (28oC; 36% relative
humidity), involving either light (~135 W.m-2; N=36 [males]; N=24 [females]) or moderate (~200 W.m-2; N=35 [males]; N=22 [females])
exercise (45 min), which was preceded by seated rest (20 min). Data are means and standard errors of the means. Significant between-group
differences are indicated by the symbol (P<0.05).
Light work
Females

Males
Dorsal hand*
Dorsal forearm*
Upper back
Forehead*

0.60 ±0.06
0.27 ±0.03
0.32 ±0.04
0.56 ±0.06

Dorsal hand*
Dorsal forearm*
Upper back
Forehead*

3.38 ±0.30
1.84 ±0.17
2.06 ±0.20
3.89 ±0.29

Thermal sensation (13-point scale)
Thermal discomfort (5-point scale)
Perceived exertion: Whole body (12-point scale)
Perceived exertion: Legs (12-point scale)
Perceived exertion: Chest (12-point scale)

8 ±0
2 ±0
10 ±0
11 ±0
9 ±0

Moderate work
Combined
Males
Females
-2
-1
Local sweat rate (mg.cm .min )
0.48 ±0.04
0.55 ±0.04 2.02 ±0.09 1.84 ±0.10*
0.21 ±0.02
0.25 ±0.02 1.27 ±0.07 0.89 ±0.07*
0.37 ±0.04
0.34 ±0.03 1.38 ±0.10 1.27 ±0.13
0.43 ±0.05
0.51 ±0.04 2.55 ±0.17 2.01 ±0.12*
Sudomotor sensitivity (mg.cm-2.min-1.oC-1)
2.88 ±0.26
3.18 ±0.21 4.19 ±0.24 3.12 ±0.27*
1.74 ±0.17
1.80 ±0.12 2.57 ±0.16 1.75 ±0.18*
2.43 ±0.19
2.21 ±0.14 2.92 ±0.26 2.52 ±0.29
2.63 ±0.29* 3.31 ±0.22 4.76 ±0.37 3.56 ±0.29*
Psychophysical responses
9 ±0*
9 ±0
10 ±0
10 ±0
2 ±0
2 ±0
2 ±0
3 ±0
10 ±0
10 ±0
13 ±0
14 ±0
11 ±0
11 ±0
14 ±0
15 ±0
9 ±0
9 ±0
11 ±0
12 ±0

Combined
1.84 ±0.08
1.13 ±0.06
1.34 ±0.08
2.36 ±0.12
3.77 ±0.20
2.26 ±0.13
2.76 ±0.20
4.29 ±0.27
10 ±0
2 ±0
14 ±0
15 ±0
11 ±0

Note: *Due to technical difficulties in some trials, local sweat rates were not determined in some females at the forearm (light work: N=1; moderate
work: N=3), hand (light work: N=1; moderate work: N=3) and forehead (moderate work: N=4).
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Figure 4.4: Relationships between the specific surface area and whole-body sweat rate (A, B), local
sweat rate at the dorsal hand (C, D), forearm (E, F) and forehead (G, H) during light and moderate
work. Data were collected following 20 min of seated rest (28oC; 36% relative humidity), after which
subjects exercised (45 min) at either~135 W.m-2 (N=36 [males; blue open symbols] and N=24
[females; red open symbols], light work) or ~200 W.m-2 (N=35 [males; blue shaded symbols] and
N=22 [females; red shaded symbols], moderate work). Data are presented as means for the final 5 min
of each steady-state exercise period. Least squares, linear regression lines (solid blue [males] and red
[females], dashed black [combined]) are provided for the significant correlations only (P<0.05).
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group, only sudomotor sensitivities at the dorsal hand and forehead during moderate
work shared a significant, negative association with the specific surface area (Table
4.3; P<0.05).
The within-gender mean body temperatures at the onset of sweating was equal
among regions, for both means and standard errors in the male (light work: 36.1oC
[±0.0]; moderate work: 36.1oC [±0.0]) and female subject groups (light work:
36.1oC [±0.1]; moderate work: 36.2oC [±0.1]), and did not display a significant
association with the specific surface area in either group during both work rates
(P>0.05). Whilst the mean body temperature threshold for sweating was significantly
higher in the female subject group at the forehead during moderate work (females:
36.1oC [±0.0]; males: 36.2oC [±0.1]; P<0.05), this difference can be ascribed to
the lower resting mean body temperature observed in males (Table 4.4; P<0.05).
That is, it appeared that it was the change in mean body temperature that determined
this onset, rather than the absolute mean body temperature. This is consistent with
previous observations from our group (Caldwell et al., 2014).
When the three prediction models were evaluated with regard to sudomotor
function in the combined group, model one (design-controlled variables) was a
significant predictor of whole-body sweat rate during both work rates, as well as
sudomotor sensitivity at the dorsal hand during moderate work and at the forehead
during light and moderate work (Table 4.7; P<0.05). Model two, which included the
specific surface area, also provided a significant prediction of whole-body sweating,
as well as local sweat secretion and sudomotor sensitivity at the dorsal hand and
forehead during both light and moderate work (Table 4.7; P<0.05). Moreover, the
specific surface area alone explained between 28-42% of the inter-individual
variations in whole-body sweating (P<0.05), and between 13-23% of the individual
variations in local sweating at sudomotor sensitivity at those regions (Table 4.7;
P<0.05). Model three, which included these predictors, as well as gender, was also a
significant predictor of these responses (Table 4.7; P<0.05), but after accounting for
morphological differences in the specific surface area, the additional sudomotor
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Table 4.7: Coefficients of determination (r2) and their changes ()r2) for three regression models used to predict sudomotor responses during light
(~135 W.m-2; N=60) and moderate exercise (~200 W.m-2; N=57). Model one included the mean body temperature change ()!b), height-adjusted
sum of skinfolds (3skf) and peak oxygen consumption (V̇O2peak), model two included those design-controlled variables and the specific surface area
(AD/mass) and model three included those variables, specific surface area and gender (Gender). Significant predictors of these responses (*) and the
coefficient of determination change (r2) between models one and two (†), and models two and three (‡) are indicated by the symbols (P<0.05).
Light work
Dependent
variable
Whole-body
sweat rate
Dorsal hand
sweat rate*
Forehead
sweat rate*
Dorsal hand
thermal
sensitivity
Forehead
thermal
sensitivity

Intercept
Model (constant)
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

25.25
602.79
594.73
-0.38
2.04
1.80
0.26
2.88
2.78
4.16
21.83
22.55
-0.41
17.65
16.51

Moderate work

Slope coefficients
)!b
-81.91
-92.69
-92.81
-0.22
-0.26
-0.26
-0.58
-0.63
-0.63
-2.45
-2.78
-2.77
-4.55
-4.87
-4.89

3skf V̇O2peak AD/mass Gender
0.63
-0.15
-0.11
0.01
0
0
0
0
0
0
-0.03
-0.03
0.01
-0.01
-0.01

1.88
0.65
0.63
0.01
0
0
0
0
0
0
-0.04
-0.04
0.05
0.01
0.01

-1.67
-1.64
-0.01
-0.01
-0.01
-0.01
-0.05
-0.05
-0.05
-0.05

-2.72
-0.08
-0.03
0.24
-0.39

2

r

0.20*
0.48*
0.48*
0.11
0.24*
0.24*
0.09
0.22*
0.22*
0.05
0.28*
0.28*
0.25*
0.44*
0.45*

)r

2

Intercept

Slope coefficients

(constant) )!b

3skf

99.59 72.93
0.28† 2096.80 27.78
0.00 1938.39 13.15
-0.04 -0.19
0.13†
5.11
-0.29
0.00
3.88
-0.39
0.52
0.03
0.13†
9.37
-0.11
0.00
9.01
-0.15
-4.02
0.03
0.23† 10.33 -0.30
0.00
10.31 -0.30
-2.03 -1.46
0.19† 16.49 -1.88
0.01
17.86 -1.75

-0.08
-2.68
-1.81
0.01
0
0.01
0.01
0
0
0.03
0.01
0.01
0.02
0
-0.01

V̇O2peak AD/mass Gender
4.81
0.48
0
0.02
0.01
0.01
0.02
0
0
0.03
0.05
0.05
0.08
0.04
0.04

-5.74
-5.12
-0.01
-0.01
-0.03
-0.02
-0.04
-0.04
-0.05
-0.06

-57.52
-0.44
-0.13
-0.01
0.50

r2

)r2

0.18*
0.60*
0.62*
0.15
0.31*
0.36*
0.05
0.24*
0.24*
0.29*
0.47*
0.47*
0.18*
0.35*
0.36*

0.42†
0.02
0.16†
0.05‡
0.19†
0.00
0.19†
0.00
0.17†
0.01

Note: *Due to technical difficulties in some trials, local sweat rates were not determined in some females at the hand (light work: N=1; moderate
work: N=3) and forehead (moderate work: N=4).
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variance explained by gender alone did not approach significance during either light
or moderate work (Table 4.7; P>0.05). The one exception was local sweating at the
dorsal hand during moderate work, where gender could explain an additional 5% of
that variance (Table 4.7; P<0.05). This outcome confirmed that, when individual
variations in the design-controlled variables and the specific surface area are
controlled, gender has minimal influence on sudomotor activity.
4.3.6 Psychophysical responses
Resting thermal sensation and discomfort were identical for both men and
women across both trials (7 ±0 and 1 ±0; respectively). Thermal sensation and
discomfort during light and moderate work did not differ significantly between the
male and female subject groups (Table 4.6; P>0.05), and did not share significant
associations with the specific surface area in either group (P>0.05). The only
exception was thermal sensation during light work, which was significantly greater in
females (Table 4.6; P<0.05). The fractionated ratings of perceived exertion (whole
body, legs, chest) during both light and moderate were also similar between the male
and female subject groups (Table 4.6; P>0.05), and did not share significant
relationships with specific surface area (P>0.05). Therefore, under the current
experimental conditions, subjective perceptions of thermal and exercise stress were
neither body size- nor gender-dependent.
4.4 DISCUSSION
The purpose of this study was to systematically evaluate the interrelation
between morphology and gender on vasomotor and sudomotor function. These
responses were assessed in male and female subjects spanning an extensive body-size
range, during compensable, steady-state exercise performed at fixed, area-specific
metabolic heat production rates, whilst controlling for the other factors (e.g., age,
adiposity, aerobic fitness) that may influence those responses. This unique approach
ensured that the total heat-loss requirements and mean body temperature changes were
matched and clamped across subjects (Figure 4.2), so that the independent influence
of morphology and gender on vasomotor and sudomotor activity could be evaluated in
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the presence of equivalent thermoafferent flow. Two novel outcomes emerged. As
hypothesised (Chapter 1, Hypothesis 3), vasomotor and sudomotor responses
displayed a morphological dependency in both males and females, with individuals
possessing a greater specific surface area for heat exchange preferentially recruiting
the vasomotor response (Figure 4.3). Due to their size, those participants would also
possess a larger fluid reserve (Watson et al., 1980). Conversely, individuals with a
lower specific surface area were forced to rely more heavily upon sweating (Figure
4.4; Table 4.3). Furthermore, those relationships could account for a significant,
albeit modest, proportion of the inter-individual variation in these responses (Table
4.5; Table 4.7). However, the most significant outcome was that, after accounting for
morphological differences in the specific surface area, gender explained less than 5%
of thermoeffector variance (Table 4.5; Table 4.7). Indeed, as hypothesised (Chapter
1, Hypothesis 5), gender differences in thermoeffector function were found to be,
almost entirely, morphologically related, rather than gender dependent. Nonetheless,
whilst this is the first definitive demonstration of this outcome, these observations may
only pertain to compensable exercise conditions.
4.4.1. Experimental design considerations
Whilst others have evaluated thermoregulatory function in males and females
of differing body size (Havenith and van Middendorp, 1990; Havenith et al., 1995;
McLellan, 1998; Havenith et al., 1998; del Coso et al., 2011), the participants in
those studies often differed considerably in other factors that may independently
modulate thermoeffector function (e.g., age, adiposity and fitness). Moreover, those
subjects were assessed during exercise at absolute or relative work rates that elicited
systematic differences in metabolic heat production, and therefore, the total heat-loss
requirement and body temperature change across participants (Gagnon et al., 2008;
Gagnon et al., 2009; Jay, 2014). Although that design may be suitable for identifying
the individual factors that determine body temperature change, it is impossible to
evaluate the independent influences of morphology and gender on vasomotor and
sudomotor function without controlling for those secondary factors, and employing
exercise conditions that elicited equivalent heat-loss requirements and thermoafferent
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drive across participants.
To satisfy the former design requirement, inter-individual variations in age,
endurance training history, adiposity and peak aerobic power, were minimised during
subject selection, and also controlled statistically before evaluating the relative
contribution of morphology and gender on vasomotor and sudomotor responses.
Furthermore, to ensure the heat-loss requirements were matched across participants,
subjects performed non-weight bearing exercise at fixed, area-specific heat-production
rates to ensure the relative heat-loss requirement was equal across subjects. This
resulted in a stable and clamped mean body temperature change across both the male
and female participants (Figure 4.2), despite wide variations in body size (Table 4.1).
With this novel design, the influence of gender and morphology on vasomotor and
sudomotor activity could be isolated without the extraneous influence of other
individual factors that may influence these thermoeffector responses, and in the
presence of equivalent thermoafferent drive.
4.4.2 Absolute gender differences in vasomotor and sudomotor function
Whilst both the male and female subjects spanned a wide and even distribution
of specific surface areas (Figure 4.1), the female group possessed a higher average
specific surface area (Table 4.1), and a morphological configuration that was better
suited to dry-heat losses under compensable thermal conditions (Wyndham et al.,
1964; Docherty et al., 1986; Rowland, 2008). Therefore, it was anticipated that the
absolute vasomotor activity would be greater in the females to facilitate those
exchanges (Chapter 1, Hypothesis 3). That hypothesis was accepted, with the female
subjects displaying greater forearm blood flow during rest and light work, and greater
forearm vascular conductance at rest (Table 4.4) and during both work intensities
(Table 4.2).
Given that increases in cutaneous blood flow facilitate convective heat transfer
from deep-body structures to the skin surface to promote dry-heat dissipation, one
might also expect to observe greater dry-heat losses in the female subject group.
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Interestingly, however, the indirectly derived convective and radiative heat losses
(partitional calorimetry) did not differ significantly between groups when normalised
to the body surface area. These similarities may be related to the imprecision
associated with partitional calorimetric derivations of heat exchange, even though
these trials satisfied the steady-state requirement for these approximations to be valid
(Kenny and Jay, 2013). Indeed, to obtain the precision required to detect individual
differences in those autonomically mediated dry-heat losses, whole-body calorimetric
evaluations of heat exchange are required.
In addition, it was expected that the male subject group, who were larger and
possessed a lower specific surface area for heat exchange, would be forced to depend
more heavily on the sweating mechanism (Chapter 1, Hypothesis 3). That prediction
was also realised, with absolute whole-body sweating during both trials, as well as
normalised whole-body sweat rate and local sweating and sudomotor sensitivity at
three of the four measured regions during moderate work, being significantly higher
in the male subject group (Table 4.6). Those outcomes are consistent with previous
observations from experiments in which males and females with differing specific
surface areas were exposed to passive heating (Inoue et al., 2005) and to exercising
conditions that elicited similar body temperatures (Frye and Kamon, 1983;
Ichinose-Kuwahara et al., 2010). Collectively, this shows that the rate of sweat
secretion per unit area required to maintain heat balance must be greater in the
average male, who will generally possess a lower specific surface area for dry-heat
exchange but a greater volume of fluid, when compared to women of the same body
mass (Watson et al., 1980), with which to support sweating, due to lower body
adiposity. The average woman, but also smaller men, may therefore be better suited
to protracted work in warm-humid environments, where evaporation is limited, and to
conditions in which sweat losses cannot be matched by fluid intake.
4.4.3 Morphological dependency of cutaneous vascular and sweating responses
To test the hypothesis that gender-differences in vasomotor and sudomotor
function would not be gender dependent, but morphologically related (Chapter 1,
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Hypothesis 5), it was first necessary to identify whether these vasomotor and
sudomotor responses shared a morphological dependency in both men and women.
Since passive heat flux is proportional to the specific surface area of any object, it was
assumed that vasomotor activity would be positively related to the specific surface
area to support those exchanges (Chapter 1, Hypothesis 4). That prediction was
realised, with both forearm and local cutaneous blood flows, as well as forearm and
local cutaneous vascular conductances displaying positive associations with the
specific surface area during both work intensities in females and the combined group,
and also during light work in males (Figure 4.3). Moreover, these relationships could
independently explain between 17-48% of the individual variations in those responses
(Table 4.5).
Conversely, sudomotor responses were expected to display a negative
association with the specific surface area in both males and females, such that those
individuals possessing a lower specific surface area, and a morphological
configuration less suited to dry-heat exchanges, would display a greater reliance on
the sweating mechanism (Chapter 1, Hypothesis 4). That prediction was also
confirmed, with whole-body sweating in both males and females, as well as the
combined group, sharing strong, negative associations with the specific surface area
during both work intensities (Figure 4.4). Moreover, that ratio could uniquely explain
28% and 42% of the individual variations in whole-body sweating during light and
moderate work, respectively. These relationships, however, can be significantly
explained by the negative association between the absolute evaporative heat-loss
requirement and the specific surface area (Table 4.3), which causes subsequent
increases in whole-body sweating in individuals with a lower specific surface area
(Gagnon et al., 2013b). Nonetheless, since the area-specific, evaporative heat-loss
requirements were similar across subjects (Table 4.2), it was not surprising that
whole-body sweat rates were not significantly related to the specific surface are when
normalised to body surface area.
Although normalised whole-body rates were generally similar across subjects
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(Table 4.2), local sweating and sudomotor sensitivity at three of the four regional
locations measured during both light and moderate work in the male and combined
subject groups, and also during moderate work in the female subject group were
negatively related to the specific surface area (Figure 4.4; Table 4.3). Furthermore,
that morphological dependency could explain between 13-23% of the individual
variance in those responses (Table 4.7). This outcome also confirmed the second
working hypotheses (Chapter 1, Hypothesis 4). Interestingly, however, local sweating
and sudomotor sensitivity at the upper back region did not correlate significantly with
the specific surface area on any occasion. Therefore, local sweating at this region may
be less reflective of whole-body sweating than the other sites measured (Taylor and
Machado-Moreira, 2013), and this outcome highlights the limitations of research
relying on local sweat rate from a single regional location (Cramer and Jay, 2015), to
evaluate the relation between body morphology and sudomotor function.
4.4.4 Thermoeffector variance independently explained by gender
It was also anticipated that, after accounting for individual differences in the
design-controlled variables (mean body temperature change, adiposity, peak aerobic
power), as well as the specific surface area across subjects, gender would not have a
significant bearing on either cutaneous vasomotor or sudomotor activity (Chapter 1,
Hypothesis 5). This prediction was realised for both vasomotor (Table 4.5) and
sudomotor responses (Table 4.7), with the addition of gender explaining less than 5%
of that thermoeffector variance during both trials. This outcome indicates that gender
differences in thermoeffector function are explained, almost solely, by morphological
variations in the specific surface area during thermally compensable exercise states.
Whilst others have also shown that gender differences in thermoeffector function are
minimal after accounting for morphological (Havenith et al., 1990; Havenith et al.,
1995), or fitness-related differences across subjects (Avellini et al., 1980; Frye and
Kamon, 1981; Moran et al., 1999), this study is believed to be the first to report that,
when those responses were examined during conditions providing matched heat-loss
requirements and thermoafferent flow, gender differences in vasomotor and
sudomotor responses were not gender dependent, but morphologically related.
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Additionally, these findings indicate that considering individual differences in body
morphology is of primary importance for understanding inter-individual variations in
both passive and autonomically driven heat exchanges in morphologically diverse,
mixed-gender populations (Taylor and Notley, 2016).
Nevertheless, during more intense work in hot environments that promote dryheat gain and challenge physiological compensation, it remains unclear whether
gender-related differences in thermoeffector function would still be morphological
dependent. In such instances, the average woman, who typically possesses a higher
specific surface area, could no longer preferentially rely upon a cutaneous vasomotor
mechanism for heat dissipation. Instead, all individuals would become more
dependent upon evaporative cooling. While one group observed a reduction in the
sweating response in females during work in hot, humid environments (Shapiro et al.,
1980), to our knowledge, the gender dependency of both vasomotor and sudomotor
activity has not been assessed in morphologically diverse samples during
uncompensable conditions evoking equivalent heat-loss requirements and mean body
temperature changes across participants.
4.5 CONCLUSIONS
Gender has long been thought to contribute to the modulation of cutaneous
vasomotor and sudomotor function in the heat. However, it was hypothesised that,
when examined in a morphologically diverse sample of males and females, during
compensable exercise conditions eliciting matched requirements for heat loss and body
temperature changes, gender differences in thermoeffector function would not be
gender dependent, but morphologically related. As predicted, both males and females
possessing a greater specific surface area for heat exchange were found to be more
dependent on the vasomotor pathway and less reliant on the sweating mechanism.
Indeed, cutaneous vascular responses shared positive associations with the specific
surface area, while both whole-body and local sudomotor responses were negatively
related to that ratio. Moreover, those relationships could explain up to 48% of the
individual variations in both vasomotor and sudomotor responses. However, after
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accounting for individual differences in the specific surface area, gender accounted for
less than 5% of thermoeffector variance, indicating that gender differences in these
autonomic heat-loss responses are explained, almost entirely, by morphological
differences between men and women. On the basis of these observations, the primary
working hypothesis was accepted (Chapter 1, Hypothesis 5). Nevertheless, it remains
uncertain whether or not gender differences in these responses are morphologically
related during uncompensable heat stress.
In the current study, morphological differences in the specific surface were
shown to be a significant determinant of vasomotor and sudomotor activity in both
men and women. However, it is well known that these thermoeffector responses are
also modulated by the physiological adaptations associated with repeated heat
exposure (heat adaptation). Whilst our understanding of these thermal adaptations is
extensive (Fox et al., 1963; Wyndham, 1969; Sawka et al., 1996; Taylor, 2014), we
know relatively little about the individual factors that may assist in explaining
inter-individual variations in the magnitude of those adaptations. Since passive heat
flux is proportional to the specific surface area, and the thermoeffector responses that
drive those heat exchanges are apparently morphologically related, it is possible that
ratio may also have some bearing on the extent of vasomotor and sudomotor
adaptation. That is, it was of interest to explore the possibility that thermal adaptation
may favour the more effective thermoeffector mechanism. Therefore, the focus of the
final experiment in this series was to identify whether or not morphological
differences in the specific surface area may also explain individual variations in
vasomotor and sudomotor adaptation, by assessing those responses prior to, and
following, heat acclimation in subjects with wide differences in specific surface area.
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CHAPTER 5: BODY MORPHOLOGY DOES NOT APPEAR TO INFLUENCE
THERMOEFFECTOR FUNCTION DURING HEAT ACCLIMATION
5.1 INTRODUCTION
It is well known that cutaneous vasomotor and sudomotor function can be
enhanced following naturally induced (acclimatisation; Sundstroem, 1927; Wyndham,
1969; Brück, 1981; Saat and Tochihara, 2008) or artificial heat adaptation
(acclimation; Eichna et al., 1950; Fox et al., 1963a; Nielsen et al., 1993; Sawka et
al., 2011; Taylor, 2014). However, the inter-individual variation in the extent of
those thermal adaptations is extensive (Dreosti, 1935; Dreosti, 1950; Mitchell et al.,
1976). Whilst individual differences in aerobic fitness (Pandolf et al., 1977; Shvartz
et al., 1977; Inoue et al., 1999), age (Wagner et al., 1972; Anderson and Kenney,
1987; Armstrong and Kenney, 1993) and gender (Horstman and Christensen, 1982;
Frye and Kamon, 1983) have been shown to influence thermal adaptation, others have
suggested those improvements may be related to morphological variations that modify
the ratio between body surface area and mass (specific surface area; Sundstroem,
1927; Burton, 1940; Taylor, 2014). That ratio is a key determinant of passive heat
exchange and storage, as well as both vasomotor and sudomotor activity during
compensable exercise conditions (Chapters 3 and 4; Notley et al., 2015; Notley et al.,
2016), and may also assist in explaining inter-individual variations in thermoeffector
adaptation. That is, if one’s morphological configuration influences acute
thermoeffector responses, then it might also determine the dominant form of
adaptation; sudomotor versus vasomotor. Nevertheless, to the best of the author’s
knowledge, no previous groups have explored this possibility. Therefore, the focus of
the final experiment in this series was to evaluate whether or not vasomotor and
sudomotor function display a morphological dependency during heat acclimation.
Whilst several investigators have identified other factors (e.g., age, gender,
aerobic fitness) that may influence thermal adaptation (Wagner et al., 1972; Pandolf
et al., 1977; Shvartz et al., 1977; Horstman and Christensen, 1982; Frye and Kamon,
1983; Anderson and Kenney, 1987; Inoue et al., 1999), all participants in those
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studies exercised at the same absolute or relative work rates during heat acclimation.
This is the classical (constant load) heat adaptation model (Bean and Eichna, 1943;
Robinson et al., 1943; Horvath and Shelley, 1946). Those adaptations were also
generally evaluated prior to, and following, that treatment using an identical forcing
function. However, since the deep-body (core) temperature change in response to a
given work rate decreases as adaptation progresses (Eichna et al., 1950; Nielsen et
al., 1993; Sawka et al., 2011; Taylor, 2014), this design results in a reduction in the
physiological overload during the course of heat acclimation. As a consequence, the
thermal impulse for adaptation, which represents the increase in body temperature
above basal levels with respect to time during each heat exposure (Taylor and Cotter,
2006), also decreases as acclimation progresses, and therefore, results in less than
optimal adaptation (Fox et al., 1963b; Taylor, 2014).
To quantify the independent effects of specific individual factors on
thermoeffector function during heat acclimation, it is also necessary to control thermal
feedback by clamping both deep-body and skin temperatures, or the weighted
summation of those temperatures (mean body temperature; Jessen, 1981; Gordon et
al., 2004; Cotter and Taylor, 2005). Unfortunately, the reductions in deep-body
temperature in response to the same absolute work rate that occurred during heat
acclimation in those studies also decreased the level of thermoafferent drive, and
therefore, the extent of thermoeffector activation (Jessen, 1981; Boulant, 1996),
between when those responses were evaluated before and after heat acclimation. Thus,
with this design, it is also impossible to accurately quantify thermoeffector adaptations
and identify individual differences in those adaptations.
Furthermore, since exercise at absolute work rates will significantly increase
the relative metabolic heat production rate in smaller individuals (Gagnon et al.,
2009), this design would result in a greater deep-body temperature change and
thermal impulse in smaller individuals during heat acclimation, and also increase
thermoafferent drive in these individuals when those adaptations are evaluated during
heat acclimation. To maximise thermoeffector adaptation, and ensure the thermal
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impulse is equal among individuals of widely varying body size, deep-body
temperature must be rapidly elevated and isothermally clamped throughout the
acclimation regimen (controlled hyperthermia; Fox et al., 1963b; Havenith and van
Middendorp, 1986; Regan et al., 1996; Cotter et al., 1997; Patterson et al., 2004a).
Moreover, to accurately quantify morphological differences in vasomotor and
sudomotor adaptation, those responses must be examined at equivalent, steady-state,
body temperatures during the course of heat acclimation (Wyndham, 1969; Taylor,
2014). With this design, individual differences in thermoeffector adaptation can be
quantified in the presence of matched thermoafferent flow (Jessen, 1981; Gordon et
al., 2004; Cotter and Taylor, 2005). To our knowledge, however, no study has used
this approach to assess thermal adaptations in a physically diverse sample.
For all objects of similar composition, heat exchange and storage are tightly
linked to the specific surface area (Section 1.1.2.1), and more recently, that ratio has
been shown to be a significant determinant of thermoeffector function during
compensable exercise conditions in both men (Chapter 3; Notley et al., 2016) and
women (Chapter 4; Notley et al., 2015). In that research, smaller individuals, who
possessed a morphological configuration better suited to passive heat exchange (higher
specific surface area), were found to be more dependent on the vasomotor pathway to
maintain heat balance, while larger individuals with a lower specific surface area were
forced to rely more heavily on the sweating mechanism. Therefore, it is possible that
each individual may also better develop his or her preferred thermoeffector
mechanism during the course of heat acclimation. That is, individuals with a higher
specific surface area, who are able to rely more heavily on vasomotor function and
less on the sweating mechanism to meet the total heat-loss requirement under
compensable conditions, might better develop the vasomotor response, resulting in the
conservation of a limited fluid reserve. On the other hand, sudomotor function may
better adapt in larger individuals with a lower specific surface area for heat exchange,
who are forced to depend more on sweating to maintain heat balance in compensable
conditions. This possibility has been proposed by several investigators (Sundstroem,
1927; Burton, 1940, Taylor, 2014), and may provide a mechanism to explain interPage 233

individual variations in vasomotor and sudomotor adaptation.
Therefore, the final experiment in this series was designed to identify whether
or not vasomotor and sudomotor responses would show a morphological dependency
during heat acclimation. It was hypothesised that smaller individuals with a higher
specific surface area for heat exchange, would optimise the cutaneous vascular
response, while larger individuals with a lower specific surface, would better develop
the sweating mechanism (Chapter 1, Hypothesis 6). To evaluate this possibility, these
thermoeffector responses were simultaneously assessed in groups of smaller and larger
participants with considerable differences in specific surface area, but who were
matched for age, adiposity and endurance fitness, during steady-state exercise,
eliciting two matched and clamped deep-body temperatures (37.5oC and 38.5oC),
under hot, dry conditions. This design should ensure that the magnitude of these
thermoeffector adaptations could be quantified in isolation from other factors that may
influence adaptation, and in the presence of equivalent thermoafferent flow. Subjects
were evaluated prior to, and following, eight days of intermittent exercise (90
min.day-1) to elevate and clamp deep-body temperature at a hyperthermic level
(38.5oC). This treatment maximised thermal adaptation by exposing all subjects to a
constantly increasing thermal impulse as adaptation progressed.
5.2 METHODS
5.2.1 Subjects
Twenty healthy, physically-active, but not heat-adapted, males of similar age,
adiposity and endurance fitness, but of widely varying body size, participated in this
study (Table 5.1). This was a single-gender study due to the size of the project and the
need to standardise hormonal influences on thermoregulatory function. Subjects were
acclimated during the months August-October (Southern Hemisphere winter-spring),
to minimise seasonal acclimatisation effects. The respective minimum and maximum
daily air temperature averaged 11.4oC (SD 2.4) and 20.6oC (SD 2.9) during the threemonths preceding the acclimation period, and 12.4oC (SD 3.3) and 21.6oC (SD 4.4)
during the three-month acclimation period. Subjects were first recruited
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Table 5.1: Physical characteristics of the two (smaller and larger) subject groups (N=10 per group). Data are means with standard
deviations in parentheses, and ranges. Significant between-group differences are indicated by the symbol (P<0.05).
Smaller
Age (y)
Mass (kg)
Height (cm)
Surface area (m2)
Mass-specific surface area (cm2.kg-1)
Sum of skinfolds (mm)
Height-adjusted sum of skinfolds (mm)
Absolute peak oxygen consumption (L.min-1)
Peak oxygen consumption (mL.kg-0.87.min-1)

Larger

Mean (SD)

Range

Mean (SD)

Range

21 (3)
65.0 (4.3)
179.4 (8.2)
1.77 (0.09)
272.8 (8.5)
49.7 (13.6)
49.3 (14.4)
3.09 (0.37)
75.3 (7.0)

18-28
56.3-70.4
157.2-192.8
1.56-1.88
258.8-283.5
30.0-71.5
28.5-71.1
2.53-3.74
65.3-92.1

22 (2)
88.0 (6.1)*
188.2 (5.2)*
2.15 (0.08)*
244.4 (10.0)*
66.9 (16.7)*
60.4 (14.5)
3.79 (0.37)*
70.6 (6.9)

18-24
80.5-99.0
176.9-195.4
2.04-2.32
234.3-260.8
45.0-89.5
40.2-81.0
3.35-4.46
60.0-82.0

Note: The sums of six skinfold thicknesses (triceps, subscapular, supraspinale, abdominal, thigh, calf) were scaled to a common stature
(170.18 cm) to derive height-adjusted measures of skinfold thickness and to approximate adiposity (Ross and Wilson, 1974; Landers et
al., 2013). Peak oxygen consumption scores were scaled per unit of body mass raised to the exponent of 0.87 (after Weibel et al.,
2004; see Chapter 3, Section 3.2.2.3 for details).
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from a large University student sample, and then selected based on their
morphological configuration to form smaller and larger groups that differed widely in
specific surface area (Table 5.1). The selection criteria included a height-adjusted sum
of skinfolds less than 88 mm to reduce variations in relative adiposity (Ross and
Marfell-Jones, 1991; Landers et al., 2013; see Chapter 2, Section 2.1 for details).
This represented the 60th percentile for the corresponding age- and gender-specific
Caucasian population (Bailey et al., 1982). To minimise ageing and endurance
training influences, selection was restricted to individuals <30 y, who routinely
performed aerobic exercise >3 h per week. Furthermore, subjects were non-smokers
and were not taking any medication, nor did they have a history of cardiovascular or
thermal illness. The procedures for this research were approved by the Human
Research Ethics Committee (University of Wollongong) in accordance with the
regulations of the National Health and Medical Research Council (Australia) under
approval HE14/234. All participants provided written, informed consent.
5.2.2 Procedures
5.2.2.1 Experimental overview
Subjects completed heat stress tests prior to (day 1), and following (day 10),
eight consecutive days (excluding weekends) of heat acclimation (days 2-9). Thus, this
protocol was a nine-day acclimation regimen. Due to operational regulations,
acclimation and testing could not be conducted over weekends. Therefore, the first
heat stress test (day 1) commenced on either Monday (N=10), Thursday (N=6) or
Friday (N=4) only, so that all participants completed the final heat stress test (day 10)
following at least two consecutive days of heat exposure. For instance, subjects
commencing on Monday would complete the first heat stress test, followed by four
days of heat acclimation (Tuesday to Friday), then a further four days of heat
acclimation (Monday to Thursday) and the final heat stress test (Friday). Whilst
functional heat adaptations have been shown to be unaffected by up to six days
without heat exposure (Adams et al., 1960), this design minimised the possible
influence of this two day interruption. Each heat stress test involved a seated rest
period (30 min), followed by two bouts of steady-state cycling (45 min each period) to
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elevate and clamp deep-body temperature at 37.5oC and 38.5oC (respectively). Heat
acclimation consisted of eight days of intermittent cycling and rest (90 min.day-1) to
elevate and clamp deep-body temperature at 38.5oC. All trials were conducted at the
same time of day, using fully-hydrated subjects, under hot, dry conditions (40oC, 37%
relative humidity), with limited air movement (<0.5 m.s-1).
5.2.2.2 Heat acclimation treatment
To induce thermal adaptation, subjects followed a controlled hyperthermia
regimen (Fox et al., 1963b; Havenith and van Middendorp, 1986; Regan et al., 1996;
Cotter et al., 1997; Patterson et al., 2004a), dressed in minimal clothing (shorts,
socks and sports shoes). This involved intermittent exercise (90 min.day-1) for eight
consecutive days (excluding weekends), to increase and clamp deep-body temperature
above the sweating threshold (38.5oC). On each day, baseline data were recorded in a
temperate environment (5 min). Subjects then entered a climate chamber (40oC, 37%
relative humidity) and cycled (Monark 868 ergometer, Sweden) for 30 min at ~50%
of peak aerobic power, whilst exposed to a substantial radiant heat source (two
halogen heaters positioned above each subject; Thorn Lighting, Wetherill Park,
Australia; ~1000 W), to rapidly elevate deep-body temperature to 38.5°C. This
radiant heat source was determined through pilot testing to more rapidly increase
deep-body temperature and reduce local muscular fatigue during the initial warming
phase. During the remaining 60 min of each exposure, that radiant heat source was
removed and subjects continued to cycle, but the external work rate was controlled to
maintain deep-body temperature at this level. That is, the work rate was reduced and
elevated to prevent deep-body temperature from exceeding or falling below
(respectively) the target temperature by more than ~0.25oC. Figure 5.1A illustrates
the average deep-body temperature profile for the smaller and larger subject groups
during one day (day five) of the protocol. Subjects rested (2 min) at 30-min intervals
to consume 4.5 mL.kg-1 of an iso-osmotic drink (served at room temperature: 40oC).
At the completion of each exposure, subjects consumed a fluid volume equal to 100%
of the mass lost, in the form of an iso-osmotic fluid, before leaving the laboratory.
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Figure 5.1A: Deep-body temperature (auditory canal) for the smaller (pink lines and symbols)
and larger (blue lines and symbols) groups (N=10 per group) during day five of acclimation.
Subjects initially cycled (heating phase; 30 min) at ~50% of peak power output in a hot-dry
environment (40oC; 37% relative humidity), whilst exposed to a radiant heat source (~1000
W), to rapidly elevate deep-body temperature (38.5oC; grey horizontal line). During the
remaining 60 min, that heat source was removed and the external work rate was controlled to
isothermally clamp deep-body temperature at this level. Subjects rested (2 min) at 30-min
intervals and consumed fluids, served at chamber temperature (40oC). Each treatment phase is
indicated by the horizontal bar. Data are presented as average response curves (sampled at 15s intervals) with means and standard deviations provided at 5-min intervals. Figure 5.1B: The
thermal impulse (product of deep-body temperature change from baseline and time [at each
15-s interval], summed over the duration [90 min] of each exposure; Equation 5.1) for the
smaller (pink bars) and larger (blue bars) groups during each day of heat acclimation (days 29). Data are means and standard deviations.
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This approach maximised thermoeffector adaptation by exposing each
individual to a constantly increasing physiological overload (thermal impulse; Figure
5.1B) as adaptation progressed (Fox et al., 1963b; Taylor and Cotter, 2006; Taylor,
2014). Previous studies from the host laboratory using this regimen have revealed that
five days of exposure lead to minimal thermal adaptation (Cotter et al., 1997), while
the adaptations observed after eight and twenty-two days were comparable (Patterson
et al., 2004a). Therefore, a nine-day heat acclimation regimen was selected to observe
trends in the major physiological adaptations associated with heat acclimation
(Pandolf, 1998; Shapiro et al., 1998). Furthermore, since additional work from our
group has shown that complete thermal adaptation is dependent on elevations in skin
temperature, as well as deep-body temperature (Regan et al., 1996), this regimen was
performed in hot, dry conditions (40oC, 37% relative humidity), to increase skin
temperature during each exposure.
Deep-body temperature, thermal impulse, external work rate, heart rate and
whole-body sweat rate were recorded during each exposure. Deep-body temperature
was monitored using an ear-moulded plug with a thermistor protruding 1 cm (Edale
Instruments Ltd., Cambridge, U.K.), positioned within the external auditory meatus
(auditory canal temperature; see Chapter 3, Section 3.2.3.2.1 for details), and
averaged over the final 60 min each exposure. The thermal impulse was derived at 15s intervals (Taylor and Cotter, 2006; Equation 5.1) and summed over the duration (90
min) of each exposure.
Thermal impulse = (Tac-0 - Tac-1) · dt

[oC.min]

Equation 5.1

where:
Tac-0 = Baseline auditory canal temperature (5-min average) during rest prior
[oC]

to heat exposure

Tac-1 =Auditory canal temperature (sampled at 15-s intervals) during each
[oC]

treatment

dt = Derived at 15-s intervals and summed over the duration (90 min) of each
heat exposure

[min]

Page 239

The thermal impulse was also summed over the duration of the heat
acclimation treatment (days 2-9) to derive the cumulative adaptation impulse (oC.min;
Taylor and Cotter, 2006). Heart rate (sampled at 15-s intervals) was obtained from
ventricular depolarisation (Model PE3000 and Advantage, Polar Electro Sport Tester,
Finland), and averaged over the duration of each exposure. External work rate (W)
was summed over the duration of each exposure to obtain the total work performed
(kJ). Gross mass changes (nude mass: before and after each exposure), corrected for
fluid replacement and urine production, were measured (±20 g; fw-150k, A&D
Weighing, California, U.S.A.) and used to approximate whole-body sweat rate (g.h1

). Mass changes should also be adjusted for metabolic mass losses to estimate whole-

body sweating (Gagge and Gonzalez, 1996; Kenny and Jay, 2013). However, since
metabolic data were not collected during the heat acclimation treatment, it was
assumed that mass changes corrected for fluid intake and urine production reflected
sweat losses only. Given that both external work and whole-body sweat rate are sizedependent, these data were normalised to the body surface area (kJ.m-2 and g.m-2.h-1,
respectively). Whilst arithmetic normalisation is often unable to fully remove the
effects of body size on physiological data (Tanner, 1949; Nevill et al., 1992; see
Chapter 2, Section 2.1 for details), this procedure was effective in creating sizeindependent data in this instance.
5.2.2.3 Experimental protocol: heat stress tests
On the days prior to (day 1), and following (day 10), the heat acclimation
treatment, fully hydrated subjects completed exercising heat stress tests (185 min;
Table 5.2), dressed in minimal clothing (shorts, socks and sports shoes). Following
preparation (20 min), subjects rested (10 min) in a temperate environment, where
baseline data were recorded. Subjects then entered a climate chamber (40oC, 37%
relative humidity) with limited air movement (<0.5 m.s-1) where each test
commenced with seated rest (mesh-lined chair; 30 min) in a semi-recumbent position
behind an electronically braked cycle ergometer (Excalibur Sport, Lode B.V.,
Groningen, The Netherlands). Subjects then commenced the first of two exercise
stages, first cycling at a constant frequency (70 rev.min-1) at ~25% of peak aerobic
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Table 5.2: Experimental timeline for each heat stress test.
Time (min)

Activity summary

0

Subject arrival

0-5

Subject hydration check

5-25

Subject preparation (22oC)

25-35

Baseline data collection

35

Enter climate chamber (40°C, 37% r.h.)

35

Body mass measurement

35-65

Seated rest period

60-65

Resting data collection

65

Body mass measurement

65-110

Exercise period one (deep-body temperature: 37.5oC)

90

Iso-osmotic drink (2.5 mL.kg-1)

105-110

Exercising data collection (deep-body temperature: 37.5oC)

110

Body mass measurement

110-155

Exercise period two (deep-body temperature: 38.5oC)

135

Iso-osmotic drink (2.5 mL.kg-1)

150-155

Exercising data collection (deep-body temperature: 38.5oC)

155

Body mass measurement

155-185

Resting recovery

185

Terminate experiment: supervised recovery
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power to elevate deep-body temperature to 37.5oC. Once at that temperature, the
external work rate was controlled to maintain deep-body temperature at this level
(temperature clamping), for the duration of the exercise period (45 min). Exercise was
then performed for a further 45 min, but now at a higher external work rate (~50%
of peak aerobic power) to elevate and clamp deep-body temperature at 38.5oC. These
exercise conditions will be referred to hereafter as mild and moderate hyperthermia
(respectively), since the target deep-body temperatures for each exercise period
(37.5oC and 38.5oC) fell within the ranges specified for these classifications (mild
hyperthermia: 37.2-38.5oC; moderate hyperthermia: 38.5-39.5oC; Taylor et al.,
2008). Non-weight bearing exercise (cycling) was used to minimise differences in heat
production associated with variations in body mass. This provided six experimental
conditions (rest and two exercise intensities, both prior to, and following, heat
acclimation), with all twenty individuals successfully completing the pre- (day 1) and
post-acclimation heat stress tests (day 10).
To independently evaluate morphological differences in thermoeffector activity
during compensable exercise conditions in previous experiments (Chapters 3 and 4),
all participants performed exercise at fixed, area-specific metabolic heat production
rates. This design ensured the weighted summation of deep-body and skin
temperatures (mean body temperature; Hardy and DuBois, 1938), and therefore,
thermal information (thermoafferent flow) arising from both deep-body structures and
the skin, was stable and matched across subjects (see Chapter 2, Section 2.3 for
details). However, since exercise was completed in hotter conditions in the current
experiment, such work rates would result in progressive rises in mean body
temperature and unstable thermoafferent flow. Therefore, in the present study,
external work rate was controlled to rapidly elevate and clamp deep-body temperature
at two steady-state levels during exercise (mild hyperthermia: 37.5oC; moderate
hyperthermia: 38.5oC). This approach provided a convenient means to ensure
thermoafferent flow from deep-body structures was both stable and matched across
participants during each exercise period. Whilst clamping the deep-body temperature,
rather than the mean body temperature, does not directly account for thermoafferent
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flow arising from the skin, it is known that skin temperature becomes more uniform
across the body surface in hotter environments (Werner et al., 2008), and changes in
the deep-body temperature primarily activate thermoeffector responses (Bligh, 1973;
Boulant, 1996). Thus, by clamping the deep-body temperature during each exercise
phase, it was assumed that thermal feedback from both deep-body structures and the
skin was stable and matched across participants.
With this unique approach, three important design criteria were satisfied.
Firstly, by assessing both cutaneous vascular and sweating responses at stable and
matched deep-body temperatures, these thermoeffector responses could be quantified
in the presence of equivalent thermoafferent drive across participants (Jessen, 1981;
Gordon et al., 2004; Cotter and Taylor, 2005). Also, by assessing these
thermoeffector responses at the same absolute steady-state, deep-body temperatures,
and therefore, the same level of thermoafferent flow, before and after heat
acclimation, it was possible to accurately quantify thermoeffector adaptations. Finally,
examining these thermoeffector responses across a range of steady-state deep-body
temperatures made it possible to identify whether or not these thermal adaptations
were dependent on the level of heat stress imposed upon these participants.
Nevertheless, the observations arising from this experiment relate only to loadsupported exercise (cycling) undertaken in hot and somewhat dry conditions. These
environmental conditions were selected to ensure that thermoeffector function was
evaluated in the same hot, dry environmental conditions as the heat acclimation
regimen, which were necessary to create the elevations in skin temperature required to
optimise thermal adaptation (Regan et al., 1996). Whilst it is possible that
morphological differences in thermoeffector adaptation may be dependent upon the
environmental conditions in which these thermoeffector responses were evaluated, it
was assumed that these ambient conditions would allow any morphological differences
in thermoeffector adaptation to be identified.
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5.2.2.4 Preliminary session
Prior to commencing, each participant completed a laboratory familiarisation
session, an incremental exercise test to volitional fatigue and an anthropometric
assessment (see Chapter 3, Section 3.2.2.3 for full details). The anthropometric
assessment included measures of height and body mass, which were used to
approximate body surface area (Equation 2.1; DuBois and DuBois, 1916). Skinfold
thicknesses (mm) were also measured at six locations (triceps, subscapular,
supraspinale, abdominal, thigh and calf) and used to obtain the height-adjusted sum of
skinfolds (170.18 / height * [sum of six skinfolds]; Ross and Wilson, 1974; Landers
et al., 2013), which represented each individual's relative adiposity. Additionally,
subjects completed an incremental exercise test to volitional fatigue on a semirecumbent cycle ergometer to determine peak oxygen consumption.
5.2.2.5 Experimental standardisation
Participants acted as their own controls, and the ambient conditions were
stable within and between trials. Subjects were instructed to refrain from strenuous
exercise and the consumption of alcohol during the 12-h period prior to each trial. For
the night preceding, they were instructed to drink 15 mL.kg-1 of additional water, and
to eat an evening meal and breakfast high in carbohydrate and low in fat. Dietary
recommendations to satisfy this requirement were also provided. In the morning,
subjects were required to drink 500 mL of fluid with breakfast, and to refrain from
caffeine consumption for 2 h before presentation. Given the preparatory, equilibration
and exercise periods, this ensured caffeine abstinence for >5 h prior to data
collection.
On presentation, an isotonic drink was provided (10 mL.kg-1, sodium-chloride
concentration: 40-45 mmol.L-1, flavoured to taste) after which urine specific gravity
was measured (Clinical Refractometer no. 140, Shibuya Optical Co., Tokyo, Japan)
to confirm subjects were adequately hydrated. Across subjects, the mean pre-exposure
urine specific gravity was 1.019 (0.002) and 1.021 (0.002) for the heat stress tests
performed prior to (day 1), and following (day 10), heat acclimation, respectively. To
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maintain a standardised hydration state during testing, subjects consumed 2.5 mL.kg-1
of this same isotonic drink at the mid-point of steady-state exercise period, served at
chamber temperature (40oC).
5.2.3 Measurements
The measurements and samples collected during each heat stress test were
identical to those from study one (see Chapter 3, Section 3.2.3 for details), with some
modifications to the measurement of mean body temperature and whole-body sweat
rate, as well as the additional derivation of the change in mean body temperature at
the onset of local sweating. These measurements are described in detail in Chapter 3,
and are summarised below for convenience, with additional details on those
modifications (mean body temperature [Section 5.2.3.2.3], whole-body sweating
[Section 5.2.3.4.1], mean body temperature change at the onset of sweating [Section
5.2.3.4.3]).
5.2.3.1 Ambient conditions
A climate-controlled chamber with limited air movement (<0.5 m.s-1) was
used to regulate and maintain air temperature (40.0oC [SD 0.6]), and relative humidity
(36.8% [SD 7.5]; water vapour pressure 2.7 kPa) during heat acclimation and each
heat stress test. Radiant (black globe) temperature was monitored at the level of the
subject (Type EU; Yellow Springs Instruments Co. Ltd., Yellow Springs, Ohio,
U.S.A.), and was within 0.5oC of air temperature throughout tests (39.9oC [SD 0.6]).
5.2.3.2 Tissue temperatures
5.2.3.2.1 Deep-body temperature
Deep-body temperature was monitored using an ear-moulded plug with a
thermistor protruding 1 cm (Edale Instruments Ltd., Cambridge, U.K.), positioned
within the external auditory meatus (auditory canal temperature) and insulated with
cotton wool. Data were logged at 15-s intervals using a 16-channel data logger (Grant
Instruments Ltd., 1206 Series Squirrel, U.K.), and later downloaded to computer.
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5.2.3.2.2 Skin temperatures
Skin temperatures were measured from eight skin sites (forehead, chest,
scapula, upper arm, dorsal forearm, dorsal hand, thigh and calf; Type EU; Yellow
Springs Instruments Co. Ltd., Yellow Springs, Ohio, U.S.A.). These data were
collected at 15-s intervals (1206 Series Squirrel; Grant Instruments Ltd., Cambridge,
U.K.). Mean skin temperature (!sk) was derived from a weighted summation of the
eight local temperatures (Equation 3.1; ISO 9886, 1992).
5.2.3.2.3 Mean body temperature
Mean body temperature was calculated as 90% of the deep-body, plus 10% of
the mean skin temperature, since trials were conducted in a hot environment (Hardy
and Stolwijk, 1966). In the absence of evidence to the contrary, it was assumed that
this weighting would accurately reflect changes in the heat content of a
morphologically diverse sample. Mean-body temperature change during steady-state
rest and exercise was calculated as the difference between the mean body temperature
recorded during the final 5 min of each steady-state rest and exercise period and the
pre-exposure baseline.
5.2.3.2.4 Thermistor calibration
Thermistors were calibrated prior to trials in a 38-litre water bath (Grant,
U.K.) with a National Association of Testing Authorities certified thermometer
(Dobbie Instruments, Dobros total immersion, Australia; see Chapter 3, Section
3.2.3.2.4 for details).
5.2.3.3 Cardiovascular responses
5.2.3.3.1 Heart rate
Heart rate was obtained from ventricular depolarisation throughout trials using
a heart rate monitor (Model PE3000 and Advantage, Polar Electro Sport Tester,
Finland), and later downloaded to a computer. Data were sampled at 15-s intervals.
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5.2.3.3.2 Mean arterial pressure
Mean arterial pressure was derived (Equation 3.2) from blood pressures
measured (manual auscultation) immediately prior to the measurement of cutaneous
blood flow during the final 5 min of each rest and exercise period, and at 10-min
intervals during recovery (MD 777 dual head stethoscope, MDF Instruments, Los
Angeles, California, U.S.A., and MDF 808 Calibra pro sphygmomanometer, MDF
Instruments, Los Angeles, California, U.S.A.).
5.2.3.3.3 Forearm and cutaneous blood flow
Limb segment and local cutaneous blood flow measurements were recorded
simultaneously to assess cutaneous vascular responses. Forearm blood flow was
recorded using a mercury-in-silastic strain gauge placed at the widest girth of the right
forearm (EC6 Plethysmograph, D.E. Hokanson Inc., Bellevue, Washington, U.S.A.).
Venous return was occluded proximal to the elbow joint by inflating a blood-pressure
cuff to a pressure of 50 mmHg (SC12D cuff, D.E. Hokanson Inc., Bellevue,
Washington, U.S.A.). This was automatically controlled (AG 101 Cuff inflator air
source and E20 rapid cuff inflator, D.E. Hokanson Inc., Bellevue, Washington,
U.S.A.), and followed a cycle of 8 s inflated and 12 s deflated, with 3 cycles.min-1.
Data were collected for ~2.5 min during the final 5 min of each rest and exercise
period. A wrist cuff was simultaneously inflated to 20 mmHg above systolic blood
pressure prior to data collection, to remove measurement artefacts introduced by
variations in hand blood flow. This was deflated after each measurement. It was
implicitly assumed that, whilst venous-occlusion plethysmography detects flow
changes within all vascular beds, those measurements would primarily reflect
cutaneous blood flow responses in both resting (Edholm et al., 1956; Detry et al.,
1972) and exercising individuals (Johnson and Rowell, 1975), provided the limb
remained inactive. To minimise movement artefacts and to position the limb above
heart level, the arm was supported and stabilised at the wrist and upper arm using
mesh slings, anchored and tensioned at four points to optimise comfort and minimise
local-pressure effects (Figure 3.4B).
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Laser-Doppler flowmetry (TSI Laserflo BPM2 with a P-435 laser fibre optic
probe, Vasamedics Inc., St. Paul, Minnesota, U.S.A.) was used to estimate local
cutaneous blood flow. The fibre optic probe was secured using double-sided tape at
the mid-point of the left ventral forearm. This location was found to best represent
forearm cutaneous blood flow (Cotter et al., 1993), and it was marked to ensure the
probe placement was identical between trials. The forearm was stabilised at heart level
throughout experimentation. Data were recorded for ~2.5 min during the final 5 min
of each rest and exercise period. Exercising measurements (arbitrary blood flow units)
were expressed as a percentage of the resting (baseline) values. Due to technical
difficulties in one trial, these data could not be recorded for one smaller participant
following heat acclimation (N=1).
5.2.3.3.4 Forearm and cutaneous vascular conductance
Whilst blood flow determines the rate of convective heat transfer (mass flow),
that flow is a function of both mean arterial pressure and total peripheral resistance.
Therefore, to account for changes in blood flow due to changes in blood pressure,
both forearm and local cutaneous blood flow measurements were also expressed in
conductance units by normalising those data to changes in mean arterial pressure (see
Section 5.2.3.3.2 for details).
5.2.3.4 Sudomotor responses
5.2.3.4.1 Whole-body sweat rate
Gross mass changes (before and after each steady-state period) were used to
determine whole-body sweat losses (±20 g; fw-150k, A&D Weighing, California,
U.S.A.). Data were corrected for fluid replacement and urine production, with
respiratory and metabolic mass losses approximated using standard derivations (Gagge
and Gonzalez, 1996). Dripped sweat during each steady-state period was also
captured using absorbent cloths, sealed in airtight bags (to prevent evaporation) and
weighed (±1 g; Model 323, Salter Australia, Springvale, Australia). Multiple
absorbent cloths were used within each period to maximise measurement resolution. It
was assumed all mass changes reflected fluid losses. Whole-body and dripped sweat
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rate were expressed in absolute terms (g.h-1), and also normalised to the body surface
area (g.m-2.h-1). In this instance, arithmetic normalisation was also able to fully
remove the effects of body size on these data (see Chapter 2, Section 2.1 for details).
5.2.3.4.2 Local sweat rate
Ventilated sweat capsules (3.16 cm2) were used to simultaneously measure
local sweat rates from four sites (dorsal hand, dorsal forearm, upper back and
forehead) throughout each trial. These were glued to the skin to prevent pressure
artefacts (Collodion U.S.P., Mavidon Medical Products, Florida, U.S.A.). Low
humidity air was obtained by passing room air over an enclosed, saturated, lithium
chloride solution housed outside the chamber, with the local air temperature
independently measured. Air collected from above this solution will remain at 12%
relative humidity over a broad range of temperatures (Winston and Bates, 1960), and
was pumped through each sweat capsule at flows that ensured the complete
evaporation of sweat (600 mL.min-1), and through tubes long enough to guarantee
thermal equilibration with chamber air temperature. Post-capsular (exhaust) air
temperatures (thermistors) and humidities (capacitance hygrometers) were
continuously sampled downstream (1 m) as part of an integrated sweat monitor system
(Clinical Engineering Solutions, NSW, Sydney, Australia). Temperature and humidity
sensors were equilibrated with the target ambient conditions prior to experimentation.
Data were recorded at 1-s intervals (DAS1602; Keithley Instruments, Inc., Cleveland,
Ohio, U.S.A.) and used to derive local sweat rates using in-house software (Taylor et
al., 1997; Equation 3.3). Hygrometer calibration, using saturated solution standards,
preceded experimentation (see Chapter 3, Section 3.2.3.4.2). Due to technical
difficulties in one trial, local sweat rate at the forehead could not be recorded for one
smaller participant following heat acclimation (N=1).
5.2.3.4.3 Sudomotor onset and sensitivity
The onset of sweating was defined as the time points after the commencement
of steady-state rest, beyond which local sweat rate was elevated, and established
above baseline for at least 5 min. The corresponding mean body temperature at these
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time points was defined as the threshold temperature for the onset of sweat secretion.
The difference between the sudomotor threshold at each region and the pre-exposure
(baseline) mean body temperature measured prior to the pre- and post-acclimation
heat stress tests was also calculated to obtain the change in mean body temperature at
the sudomotor threshold. Sudomotor sensitivity (gain) was calculated for each
participant within the 5-min period after sweating first exceeded basal levels, and
remained so for at least 5 min. This was determined as the slope of the linear
regression relationship between mean body temperature and post-threshold sweating
data (Patterson et al., 2004a; Figure 3.5).
5.2.3.5 Oxygen consumption and carbon dioxide production
Expired gases and air flows were analysed continuously using a respiratory
gas-analysis system (TrueOne 2400, ParvoMedics Inc., Utah, U.S.A.), and used to
derive oxygen consumption, carbon dioxide production and minute ventilation as 15-s
averages. The analysers were calibrated before each trial using alpha gas standards
(15.97% oxygen, 4.03% carbon dioxide, balance nitrogen). Data collection was
briefly interrupted (~2 min) to obtain whole-body mass measurements prior to
commencing (30 min), and at the completion of, each exercise bout (75 min and 120
min).
5.2.3.6 Indirectly derived heat production and exchange
The components of heat balance were approximated during exercise using
partitional calorimetry and normalised to each individual’s body surface area (W.m-2),
unless stated otherwise (W). These data also satisfied the requirements for arithmetic
normalisation to fully remove the effects of body size (see Chapter 2, Section 2.1 for
details). The duration of each exercise period (45 min) was set to satisfy the steadystate requirements essential for these calculations to be valid. Metabolic rate was
derived using Equation 3.4 (M; Nishi, 1981). External work rate (W) was controlled
to maintain deep-body temperature at either 37.5 (mild hyperthermia) or 38.5oC
(moderate hyperthermia) for each participant. Metabolic heat production was
calculated as the difference between metabolic rate and external work (Hprod: [M-W]).
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Dry-heat exchanges (Hdry) were calculated as the sum of the radiative and
convective exchanges (Equation 3.5; Nishi, 1981). Convective (Cres) and evaporative
(Eres) heat exchanges within the respiratory tract were derived from metabolic heat
production rate, the air temperature and absolute ambient air humidity (Pa [kPa];
Equation 3.7; Fanger, 1972). Measurements of whole-body mass loss (g), corrected
for fluid intake, urine production, respiratory (Equation 3.8) and metabolic (Equation
3.9) mass losses, and dripped sweat (Gagge and Gonzalez, 1996), were multiplied by
the latent heat of sweat vaporisation (2426 J.g-1) to determine the rate of evaporative
heat loss (E; J.s-1), and expressed per square metre of body surface area (W.m-2). It
was also assumed that the thermal energy for this phase change was taken wholly
from the skin, although this assumption is less valid in hotter states. The evaporative
requirement for heat balance (Ereq) was determined by subtracting the metabolic heat
production rate from the sum of the dry, convective and evaporative respiratory heat
exchanges (Equation 3.10; Gagge and Gonzalez, 1996).
5.2.3.7 Psychophysical measures
Thermal sensation and discomfort were assessed at 10-min intervals during the
rest and exercise phases of each trial. Fractionated ratings (whole body, legs and
chest) of perceived exertion were also assessed at 10-min intervals during exercise.
Instructions for the use of all scales were read to each subject prior to commencing
each trial, and a sheet containing full instructions and each rating scale was provided
to each subject (Figure 3.6).
5.2.4 Design and data analysis
This study was based on a three-factor repeated-measures design (adaptation
state: pre- and post-heat acclimation; exercise state: rest and cycling at two intensities;
body size: smaller and larger). All data, with the exception of whole-body sweat
secretion, were collected throughout and averaged over the final 5 min of each steadystate period, unless stated otherwise. Between-group differences in subject
characteristics and steady-state physiological responses were compared using unpaired
t-tests. Individual differences in physiological responses prior to, and following, heat
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acclimation were evaluated using paired t-tests. Steady-state thermoeffector responses
that changed significantly following heat acclimation were expressed as percentage
change scores (((post- minus pre-heat acclimation) / post-heat acclimation) * 100), and
compared between groups using unpaired t-tests. This analysis was aimed at
identifying relative differences in thermoeffector adaptation between groups8. An a
priori power analysis indicated that, based on the effect size (Cohen’s d: 1.33) for a
0.4 mg.cm-2.min-1 (SD 0.3) difference in local sweat rate between subject groups
displaying a ~30 cm2.kg-1 difference in specific surface area (Notley et al., 2014), 20
subjects would be required to detect a between-group difference in thermoeffector
function following heat acclimation of this effect size with at least 80% statistical
power (Faul et al., 2007). Therefore, with the current sample (N=10 per group),
these analyses were adequately powered (>80%). A two-way, mixed-model analysis
of variance was conducted to identify whether a main effect for the repeated factor of
time (eight levels: day 2-9) and for the non-repeated factor of body size (two levels:
smaller and larger) was present for deep-body temperature, thermal impulse, total
work, whole-body sweat rate and heart rate during the heat acclimation treatment.
Sources of significant difference were isolated using unpaired t-tests (group) and
Tukey’s HSD statistic (time). Test assumptions of normality and homoscedasticity
were determined within each group by inspecting quantile-comparison and residual
plots (see Chapter 2, Section 2.2.3.2 for details). Homogeneity of variance was
confirmed between each group using Levene’s test (Levene, 1961). Alpha was set at
the 0.05 level for all statistical comparisons, with data reported as means and standard
errors of the means (±) unless stated otherwise (standard deviation [SD]).
5.3 RESULTS
5.3.1 Subject characteristics
To systematically evaluate the independent influence of morphology on

8

Whilst using analysis of covariance is a more appropriate statistical procedure to compare change scores between groups,
data from the current study failed the statistical assumptions necessary for this analysis. Therefore, change scores were
compared between groups using unpaired t-tests. That analysis is equivalent to testing for a significant group by treatment
interaction using repeated measures analysis of variance for two groups.
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thermoeffector adaptation, it was essential that the smaller and larger subject groups
differed considerably in body size, but displayed similar secondary characteristics for
the factors that may influence thermoeffector function. To satisfy the former
requirement, both groups were selected to include individuals that differed
considerably in body size. This resulted in significant differences in height, body
mass, surface area and the mass-specific surface area between the smaller and larger
subject groups (Table 5.1; P<0.05). Whilst the absolute sum of skinfolds differed
significantly between each group (Table 5.1; P<0.05), the height-adjusted sum of
skinfolds were similar between groups (P>0.05), with these data placing subjects
between the 40th to 60th percentiles of the age- and gender-specific normative
distribution for relative adiposity (Bailey et al., 1982). This outcome confirmed that,
despite large differences in body size, relative adiposity was similar between groups.
Age was also similar between groups (Table 5.1; P>0.05). Absolute peak aerobic
power was significantly greater in the larger group (Table 5.1; P<0.05), however,
these data did not differ significantly between groups when normalised to body mass
(P>0.05).
5.3.2 Heat acclimation treatment
To optimise thermal adaptation, it was essential that deep-body temperature
was clamped above the sweating threshold (38.5oC) across the final 60 min of each
exposure. This design requirement was achieved (Figure 5.2A), with deep-body
temperature averaging 38.5oC (SD 0.1) for both the smaller and larger groups across
the eight days of exposure. These data were also similar between treatment days
within each group (Figure 5.2A; P>0.05), and did not differ significantly between
groups on each day (P>0.05). Moreover, this design ensured that the thermal
impulse (Equation 5.1) was similar between groups (Figure 5.1B; P>0.05), and held
constant over the duration of the heat acclimation treatment (Figure 5.1B). The
resulting cumulative adaptation impulse, which was calculated as the total thermal
stimulus across this treatment (days 2-9), was also similar between the subject groups
(smaller: 1334.0oC.min [SD 133.3], larger: 1324.3oC.min [SD 94.7]; P>0.05).
These outcomes indicate that both the smaller and larger subject groups were provided
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Figure 5.2: Physiological data throughout the heat acclimation treatment (days 2-9) for the
smaller (pink bars) and larger groups (blue bars; N=10 per group). On each day, subjects
initially cycled (~50% peak aerobic power) to elevate deep-body temperature (30 min), after
which, the external work rate was controlled to clamp body temperature (38.5oC) for a further
60 min. Auditory canal temperature (A) was averaged over the final 60 min of each exposure,
whilst heart rate (B) was averaged over the duration of each exposure. Total external work
was summed over the duration of exercise and expressed in absolute terms (C) and normalised
to body surface area (D). Whole-body sweat rate was approximated from corrected body-mass
changes over the duration of each exposure and expressed in absolute terms (E) and
normalised to body surface area (F). Data are means with standard errors of the means, with
the exception of auditory canal temperature (means with standard deviations). Significant
differences between treatment days (†) and between groups (‡) are indicated by the horizontal
lines and symbols (P<0.05).
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with the same physiological stimulus (overload) for adaptation, that was held constant
as adaptation progressed.
Heart rate did not differ significantly between acclimation days (Figure 5.2B;
P>0.05), and was similar between these groups (P>0.05). However, as anticipated,
the total work during each exposure increased significantly from days one to four
when expressed in absolute terms (Figure 5.2C; P<0.05), but did not differ
significantly between treatment days when normalised to body surface area (Figure
5.2D; P>0.05). Total work was also similar between the smaller and larger groups
when expressed in absolute terms and when normalised to body surface area
(P>0.05). The one exception was on day five, where the area-specific total work was
significantly greater in the smaller individuals (Figure 5.2D; P<0.05). Whole-body
sweat rate increased significantly over days one to four when expressed in absolute
terms (Figure 5.2E; P<0.05), and when normalised to the body surface area (Figure
5.2F; P<0.05). Nonetheless, absolute and normalised whole-body sweat rate did not
differ significantly between groups (P>0.05). The only exception was on the final
day of heat acclimation, where the area-specific whole-body sweat rate was greater in
the smaller subject group (Figure 5.2F; P<0.05).
5.3.3 Pre- and post-acclimation heat stress tests
5.3.3.1 Body temperatures
The pre-exposure baseline deep-body temperatures recorded prior to the preacclimation heat stress test (day 1) for the smaller and larger groups averaged 36.8oC
±0.1 and 36.8oC ±0.1 (respectively), and decreased significantly following heat
acclimation (day 10; smaller: 36.4oC ±0.1, larger: 36.4oC ±0.0; both P<0.05).
Whilst the pre-exposure baseline mean skin temperature was similar before (32.0oC
±0.5) and after heat acclimation (32.0oC ±0.1) in the smaller group, baseline mean
skin temperature before heat acclimation in the larger group (32.5oC ±0.2) was
significantly lower following heat acclimation (31.6oC ±0.2; P<0.05). Baseline
mean body temperature before heat acclimation in these groups (smaller: 36.3oC
±0.1, larger: 36.4oC ±0.1) was also significantly lower after heat acclimation
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(smaller: 36.0oC ±0.1, larger: 35.9oC ±0.1; both P<0.05). Nevertheless, the preexposure baseline deep-body temperatures, as well as mean skin and mean body
temperatures did not differ significantly between these groups before or after heat
acclimation (P>0.05).
During the resting phase (30 min) of the pre-acclimation heat stress test, the
mean deep-body temperatures were identical for the smaller and larger groups (37.3oC
±0.1; P>0.05), but were significantly lower in both groups during the postacclimation heat stress test (smaller: 36.9oC ±0.1, larger: 36.7oC ±0.0; both
P<0.05). However, by design, deep-body temperature was uniformly elevated and
isothermally clamped during exercise within each of the two heat stress tests (Figure
5.3). The respective steady-state deep-body temperatures for the smaller and larger
groups for the first exercise period, before heat acclimation, averaged 37.5oC (SD
0.0) and 37.5oC (SD 0.0) during mild hyperthermia, and 38.5oC (SD 0.1) and 38.4oC
(SD 0.1) during moderate hyperthermia. Following heat acclimation, those same
exercise periods yielded steady-state deep-body temperatures of 37.5oC (SD 0.0;
smaller) and 37.4oC (SD 0.0; larger) during mild hyperthermia, and 38.5oC (SD 0.0)
and 38.4oC (SD 0.0) during moderate hyperthermia, respectively. Whilst deep-body
temperature did not reach a complete plateau during the first exercise period (Figure
5.3), those data were stable during the second exercise period and did not differ
significantly between groups (P>0.05). Those data were also similar within each
group before and after heat acclimation (P>0.05). Those outcomes confirmed that
differences in thermoeffector adaptation could be evaluated against a background of
matched thermoafferent flow across participants, that was also equal between trials.
Mean skin temperature at rest and during both exercise states, as well as mean
body temperature during rest and mild hyperthermia, were significantly lower in the
larger group following heat acclimation (Table 5.3; P<0.05), but were unchanged in
the smaller group (P>0.05). Resting mean body temperature was also reduced
following heat acclimation in the smaller subject group (Table 5.3; P<0.05), but was
unchanged during exercise (P>0.05). However, since the pre-exposure baseline mean
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Figure 5.3: Deep-body temperatures (auditory canal) for the smaller (red lines and
symbols) and larger (blue lines and symbols) subject groups (N=10 per group) during
rest (30 min; 40oC; 37% relative humidity), followed by exercise to elevate and clamp
deep-body temperature at 37.5oC (mild hyperthermia; 45 min) then 38.5oC (moderate
hyperthermia; 45 min). Data are shown for heat stress tests performed before (day 1;
dotted lines and open symbols) and after (day 10; solid lines and shaded symbols),
heat acclimation. The grey horizontal lines indicate the target deep-body temperatures
for mild (37.5oC) and moderate hyperthermia (38.5oC; respectively), while the
horizontal bars indicate each steady-state rest and exercise period. Data are presented
as average response curves (sampled at 15-s intervals) with means and standard
deviations provided at 15-min intervals.
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Table 5.3: Body temperatures and heat exchanges for the smaller and larger groups (N=10 each group) during rest (30 min; 40oC; 37%
relative humidity), followed by exercise eliciting a deep-body temperature of 37.5oC (mild hyperthermia; 45 min) then 38.5oC
(moderate hyperthermia; 45 min) before (day 1) and after heat acclimation (day 10). Data are means and standard errors of the means.
Significant within-group differences following heat acclimation (†) are indicated by the symbol (P<0.05). No significant between-group
differences were realised (P>0.05).
Rest

Mean skin temperature
Mean body temperature
Mean-body temperature change

External work
Metabolic heat production
(metabolic - external work)
Dry-heat exchange (Equation 3.5)
Evaporative-heat loss (mass change)
Evaporative heat-loss requirement
(Equation 3.10)

Body size

Before

After

Smaller
Larger
Smaller
Larger
Smaller
Larger

36.2 ±0.2
36.3 ±0.2
37.2 ±0.1
37.2 ±0.1
0.9 ±0.1
0.8 ±0.0

36.1 ±0.1
35.9 ±0.1†
36.8 ±0.1†
36.6 ±0.0†
0.8 ±0.0
0.7 ±0.0

Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger

Mild hyperthermia
Before
After
Body temperature (oC)
36.6 ±0.1
36.4 ±0.1
36.8 ±0.1
36.2 ±0.1†
37.4 ±0.0
37.4 ±0.0
37.3 ±0.0
37.4 ±0.0†
1.2 ±0.1
1.4 ±0.1†
1.1 ±0.1
1.4 ±0.1†
Heat exchange (W.m-2)
31 ±4
41 ±4†
25 ±4
37 ±1†
134 ±9
178 ±13†
130 ±6
157 ±4†
-35 ±1
-37 ±1
-34 ±1
-39 ±1†
154 ±25
233 ±13†
123 ±14
206 ±15†
175 ±10
221 ±13†
168 ±6
202 ±5†

Moderate hyperthermia
Before
After
37.3 ±0.1
37.5 ±0.1
38.4 ±0.0
38.3 ±0.1
2.1 ±0.1
2.0 ±0.1

37.3 ±0.1
37.1 ±0.2†
38.4 ±0.1
38.3 ±0.1
2.4 ±0.1†
2.4 ±0.1†

40 ±3
33 ±4
178 ±7
158 ±9
-28 ±1
-26 ±1
249 ±15
233 ±21
212 ±7
191 ±10

44 ±3
39 ±4
189 ±10
162 ±8
-29 ±1
-31 ±2†
245 ±30
248 ±25
224 ±11
199 ±8

Note: Heat exchanges were not derived during rest. Negative dry-heat exchanges indicate heat gains from the environment.
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body temperature was significantly lower in both the smaller and larger groups
following heat acclimation (P<0.05), it was not surprising that the mean body
temperature change during exercise was significantly greater in both groups following
heat acclimation (Table 5.3; P<0.05). Conversely, the mean body temperature
change during the resting phase of the pre- and post-acclimation heat stress tests was
unchanged in both groups (P>0.05).
5.3.3.2 Indirectly derived heat production and exchange
During mild hyperthermia, external work, metabolic heat production
(metabolic - external work), as well as dry- and evaporative-heat exchanges
(Equations 3.2 and 3.7), and the evaporative heat-loss requirement (Equation 3.10)
were significantly greater following heat acclimation in both groups (Table 5.3;
P<0.05). The only exception was the increase in dry-heat exchange within the
smaller group, which did not approach significance (P>0.05). However, since skin
temperature also decreased in the larger group during mild hyperthermia following
heat acclimation (Table 5.3), and therefore, widened the thermal gradient for dry-heat
gain between the skin surface and surrounding environment, dry-heat exchange in
these individuals also increased significantly at this work rate following heat
acclimation (Table 5.3; P<0.05). All other heat exchanges during moderate
hyperthermia, however, were unchanged in both groups following heat acclimation
(Table 5.3; P>0.05). External work, metabolic heat production, dry- and
evaporative-heat exchanges, and the evaporative heat-loss requirement were also
similar between groups during both exercise states before and after heat acclimation
(P>0.05).
5.3.3.3 Cardiovascular responses
5.3.3.3.1 Heart rate and mean arterial pressure
Heart rate was similar between groups at rest and during exercise prior to, and
following, heat acclimation (Table 5.4; P>0.05). Following heat acclimation,
however, resting heart rate was significantly lower in both groups (Table 5.4;
P<0.05), and also during mild hyperthermia in the larger group (P<0.05). This
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Table 5.4: Cardiovascular and psychophysical responses for the smaller and larger groups (N=10 per group) during rest (30 min),
followed by exercise eliciting a deep-body temperature of 37.5oC (mild hyperthermia; 45 min) then 38.5oC (moderate hyperthermia; 45
min) under hot, dry conditions (40oC; 37% relative humidity) before (day 1) and after heat acclimation (day 10). Data are means and
standard errors of the means. Significant differences following heat acclimation within (†) and between groups (‡) are indicated by the
symbols (P<0.05).
Rest

Heart rate (b.min-1)
Mean arterial pressure (mmHg)

Thermal sensation (13-point scale)
Thermal discomfort (5-point scale)
Perceived exertion (12-point scale): whole-body
Perceived exertion (12-point scale): legs
Perceived exertion (12-point scale): chest

Body size

Before

After

Smaller
Larger
Smaller
Larger

90 ±3
87 ±3
86 ±1
91 ±2‡

75 ±3†
72 ±2†
82 ±2†
91 ±2‡

Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger

9 ±0
9 ±0
2 ±0
2 ±0

8 ±0†
8 ±0†
1 ±0†
1 ±0†
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Mild hyperthermia
Moderate hyperthermia
Before
After
Before
After
Cardiovascular responses
118 ±6
118 ±6
153 ±5
144 ±3
111 ±4
120 ±2†
141 ±3
138 ±2
91 ±2
92 ±2
97 ±1
95 ±2
95 ±2
100 ±2†‡ 103 ±2‡
103 ±2‡
Psychophysical responses
9 ±0
9 ±0†
11 ±0
10 ±0
9 ±0
9 ±0†
11 ±0
11 ±1
2 ±0
2 ±0†
3 ±0
3 ±0
2 ±0
2 ±0†
3 ±0
3 ±1
11 ±1
11 ±0
14 ±1
13 ±0
11 ±1
10 ±0
11 ±0
13 ±1
11 ±1
12 ±0
15 ±1
15 ±1
11 ±1
12 ±0
14 ±0
15 ±0†
9 ±1
10 ±0
12 ±1
11 ±0
9 ±1
10 ±0
11 ±1
12 ±1

reduction in resting heart rate is consistent with previous observations following heat
acclimation (Rowell et al., 1967; Nadel et al., 1974; Nielsen et al., 1993), and may
be explained by the increases in plasma volume that also accompany heat adaptation
(Bass and Henschel, 1956; Senay et al., 1976; Patterson et al., 2004b). Conversely,
heart rate was unchanged in both groups during moderate hyperthermia (P>0.05).
Mean arterial pressure was also significantly lower following heat acclimation
in the smaller group at rest (Table 5.4; P<0.05), and in the larger group during
moderate hyperthermia (P<0.05). In addition, mean arterial pressure was generally
higher in the larger subject group during rest and exercise both prior to, and
following, heat acclimation (P<0.05). However, this result was expected, and is
consistent with the greater mean arterial pressures often observed in larger animals
(White and Seymour, 2015) and humans (Voors et al., 1982; Langenberg et al.,
2003; Arvedsted et al., 2012).
5.3.3.3.2 Cutaneous vascular responses
Whilst local cutaneous blood flow and cutaneous vascular conductance were
unchanged in both groups following heat acclimation (P>0.05), forearm blood flow
and forearm vascular conductance at rest in the smaller group, and during mild and
moderate hyperthermia in both groups (Table 5.5), increased significantly following
heat acclimation (P<0.05). However, both forearm blood flow and forearm vascular
conductance, as well as local cutaneous blood flow and vascular conductance were
similar between these groups during the pre- and post-acclimation heat stress tests
(P>0.05).
To evaluate whether or not the magnitude of the observed forearm cutaneous
vascular adaptations differed between the smaller and larger groups, these data were
expressed as change scores for rest (Figure 5.4A), as well as mild (Figure 5.4B) and
moderate hyperthermia (Figure 5.4C). The relative changes in forearm vascular
responses during rest and both exercise states ranged between 20% to 34% for the
smaller group, and between 12% to 26% for the larger group (Figure 5.4). However,
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Table 5.5: Forearm and local cutaneous vascular responses following heat acclimation for the smaller and larger groups (N=10 per
group) during rest (30 min), followed by steady-state exercise eliciting a deep-body temperature of 37.5oC (mild hyperthermia; 45 min)
then 38.5oC (moderate hyperthermia; 45 min) under hot, dry conditions (40oC, 37% relative humidity) before (day 1) and after (day 10)
heat acclimation. Data are means and standard errors of the means. Significant within-group differences following heat acclimation (†)
are indicated by the symbol (P<0.05). No significant between-group differences were realised (P>0.05).
Rest
Body size

Before

Smaller
Larger
Smaller
Larger

5.89 ±0.65
6.82 ±0.66

Forearm (mL.100 mL-1.min-1.mmHg-1) Smaller
Larger
*
Smaller
Local (% of initial resting value)
Larger

0.07 ±0.01
0.07 ±0.01

Forearm (mL.100 mL-1.min-1)
Local (% of initial resting value)*

Mild hyperthermia
Moderate hyperthermia
After
Before
After
Before
After
Cutaneous blood flow
8.72 ±1.21† 10.60 ±0.98 13.59 ±0.98† 10.98 ±0.62 16.70 ±1.76†
8.47 ±1.17 10.31 ±1.17 13.83 ±0.91† 11.86 ±0.47 15.84 ±1.21†
46 ±20
124 ±32
126 ±37
153 ±38
41 ±17
70 ±21
46 ±15
80 ±36
Cutaneous vascular conductance
0.11 ±0.01† 0.12 ±0.01 0.15 ±0.01† 0.11 ±0.01 0.18 ±0.02†
0.09 ±0.01 0.11 ±0.02 0.14 ±0.01† 0.12 ±0.00 0.15 ±0.01†
39 ±18
96 ±26
101 ±33
123 ±37
35 ±16
53 ±18
29 ±13
57 ±30

Note: *Due to technical difficulties in one trial, local cutaneous blood flow and vascular conductance could not be recorded for one
smaller participant following heat acclimation (N=1).
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Figure 5.4: Percentage changes in steady-state thermoeffector function following heat
acclimation for the smaller (pink bars) and larger groups (blue bars; N=10 per
group). Data were collected during rest (30 min; A), followed by exercise at a deepbody temperature of 37.5oC (mild hyperthermia; 45 min; B [diagonal lined bars]) then
38.5oC (moderate hyperthermia; 45 min; C [cross hatched bars]) under hot, dry
conditions (40oC, 37% relative humidity) before and after heat acclimation.
Percentage change scores (((post - pre) / post) * 100)) are means and standard errors
of the means. Percentage changes in normalised whole-body sweat rate only are
provided, as these changes were identical for absolute whole-body sweat rate. No
significant between-group differences were realised (P>0.05).
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those changes did not differ significantly between groups (P>0.05). Therefore, in
contrast to the working hypothesis, the relative improvements in forearm vasomotor
function observed following heat acclimation appear to be unrelated to morphological
variations in the specific surface area.
5.3.3.4 Sudomotor responses
Resting whole-body and local sweat rates did not differ significantly following
heat acclimation (Table 5.6; P>0.05), and were similar between the smaller and
larger subject groups (P>0.05). However, absolute whole-body sweat rate, as well as
whole-body and dripped sweat rates normalised to body surface area increased
significantly during exercise in both groups following heat acclimation (Table 5.6;
P<0.05). Local sweat rate at the four regional locations measured during exercise
was also significantly greater in both groups following heat acclimation (Table 5.6;
P<0.05). The one exception was the increase in forehead sweat rate during mild
hyperthermia, which did not approach significance in larger individuals (Table 5.6;
P>0.05).
The threshold mean-body temperature for local sweating at the four regional
locations decreased significantly in both groups following heat acclimation (Table 5.7;
P<0.05). However, the changes in mean body temperature at the sudomotor
threshold did not differ significantly at each region in both groups before and after
heat acclimation (Table 5.7; P>0.05), and were similar to the observed reductions in
the sudomotor threshold following heat acclimation (Table 5.7). This outcome
indicates that those reductions in the sudomotor threshold may be explained by the
decreases in baseline mean-body temperature that also occurred after heat acclimation.
Sudomotor sensitivity increased significantly at each of the four regional locations
measured in the larger group following heat acclimation (Table 5.7; P<0.05). In the
smaller group, however, sudomotor sensitivity increased significantly following heat
acclimation at the upper back region (Table 5.7; P<0.05), but was unchanged at the
dorsal hand, forearm and forehead regions (P>0.05).
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Table 5.6: Whole-body and local sweat rate for the smaller and larger groups (N=10 per group) during rest (30 min), followed by
steady-state exercise at a deep-body temperature of 37.5oC (mild hyperthermia; 45 min) then 38.5oC (moderate hyperthermia; 45 min)
under hot, dry conditions (40oC, 37% relative humidity) before and after heat acclimation. Data are means and standard errors of the
means. Significant within-group differences following heat acclimation (†) are indicated by the symbol (P<0.05). No significant
between-group differences were realised (P>0.05).
Rest

Absolute (g.h-1)
Area normalised (g.m-2.h-1)
Dripped sweat (g.m-2.h-1)

Dorsal hand
Dorsal forearm
Upper back
Forehead*

Body size

Before

After

Smaller
Larger
Smaller
Larger
Smaller
Larger

60 ±16
147 ±17
33 ±8
69 ±9

117 ±43
157 ±21
65 ±24
71 ±1

Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger

0.6 ±0.1
0.7 ±0.1
0.2 ±0.1
0.1 ±0.0
0.4 ±0.1
0.3 ±0.0
0.6 ±0.1
0.8 ±0.1

0.8 ±0.1
0.8 ±0.2
0.2 ±0.0
0.2 ±0.1
0.4 ±0.0
0.2 ±0.1
0.7 ±0.1
0.6 ±0.1

Mild hyperthermia
Before
After
Whole-body sweat rate
418 ±71
687 ±46†
395 ±46
702 ±37†
234 ±39
389 ±28†
184 ±22
328 ±18†
5 ±3
44 ±15†
3 ±1
32 ±7†
Local sweat rate (mg.cm-2.min-1)
2.3 ±0.3
3.6 ±0.3†
2.4 ±0.2
4.3 ±0.3†
1.3 ±0.2
2.0 ±0.3†
1.2 ±0.1
2.3 ±0.2†
1.5 ±0.3
2.6 ±0.4†
1.4 ±0.2
2.2 ±0.2†
2.8 ±0.6
4.2 ±0.5†
3.0 ±0.4
4.3 ±0.3†

Moderate hyperthermia
Before
After
705 ±49
779 ±63
400 ±29
364 ±30
31 ±10
19 ±5

918 ±71†
1058 ±64†
518 ±38†
492 ±26†
156 ±49†
124 ±26†

3.3 ±0.3
3.3 ±0.2
1.9 ±0.2
1.8 ±0.1
2.4 ±0.2
2.1 ±0.3
4.3 ±0.3
4.5 ±0.4

4.4 ±0.3†
4.5 ±0.3†
2.7 ±0.3†
2.6 ±0.2†
3.3 ±0.2†
2.8 ±0.3†
5.4 ±0.3†
5.1 ±0.3

Note:*Due to technical difficulties in one trial, local sweat rate could not be recorded at the forehead for one smaller participant
following heat acclimation (N=1). Dripped sweat rate was not recorded during rest.
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Table 5.7: Sudomotor thresholds and sensitivities, and their percentage changes
following heat adaptation, as well as the mean body temperature change at the
sudomotor threshold for the smaller and larger groups (N=10 per group). Following a
seated rest period (30 min; 40oC; 37% relative humidity), subjects exercised at a
deep-body temperature of 37.5oC (mild hyperthermia; 45 min) then 38.5oC (moderate
hyperthermia; 45 min) before and after heat acclimation. Data are means and standard
errors of the means, with percentage changes (((post - pre) / post) * 100)). Significant
within-groups differences following heat acclimation are indicated by the symbol
(P<0.05). No significant between-groups differences were observed (P>0.05).
Body size
Dorsal hand
Dorsal forearm
Upper back
Forehead*

Dorsal hand
Dorsal forearm
Upper back
Forehead*

Dorsal hand
Dorsal forearm
Upper back
Forehead*

Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger
Smaller
Larger

Before

After
Change (%)
Sudomotor threshold (oC)
36.9 ±0.1
36.6 ±0.1†
-1.0 ±0.3
37.1 ±0.1
36.5 ±0.1†
-1.6 ±0.2
37.0 ±0.1
36.6 ±0.1†
-1.0 ±0.3
37.1 ±0.1
36.5 ±0.1†
-1.5 ±0.2
37.0 ±0.1
36.6 ±0.1†
-0.9 ±0.2
37.1 ±0.1
36.5 ±0.1†
-1.5 ±0.2
36.9 ±0.1
36.6 ±0.1†
-0.9 ±0.3
37.1 ±0.1
36.5 ±0.1†
-1.5 ±0.2
-2
Sudomotor sensitivity (mg.cm .min-1)
3.7 ±0.2
4.7 ±0.4
11.9 ±12.6
3.9 ±0.3
5.0 ±0.4†
17.3 ±7.3
2.4 ±0.2
3.1 ±0.4
9.8 ±14.5
2.4 ±0.4
3.3 ±0.4†
23.6 ±10.4
2.3 ±0.3
3.4 ±0.5†
26.4 ±9.9
2.2 ±0.3
3.2 ±0.4†
23.8 ±10.1
4.9 ±0.5
5.8 ±0.5
9.1 ±13.4
4.5 ±0.3
5.6 ±0.4†
18.2 ±6.4
Mean body temperature change at sudomotor threshold (oC)
0.7 ±0.1
0.6 ±0.0
0.7 ±0.1
0.6 ±0.0
0.7 ±0.1
0.7 ±0.0
0.7 ±0.1
0.7 ±0.0
0.7 ±0.1
0.7 ±0.0
0.7 ±0.1
0.7 ±0.1
0.6 ±0.1
0.6 ±0.0
0.6 ±0.1
0.7 ±0.0

Note: Percentage changes in the mean body temperature at the sudomotor threshold
are not provided as these data were unchanged following heat acclimation (P>0.05).
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The relative changes in steady-state sudomotor function observed during
exercise following heat acclimation were also evaluated in the smaller and larger
groups (Figure 5.4; Table 5.7). Across both exercise states, whole-body sweat rate in
the smaller and larger groups increased by up to 41% and 42% (Figure 5.4;
respectively), while local sweat rate increased by between 20% to 41% (smaller) and
11% to 47% (larger). However, these relative improvements did not differ
significantly between these groups during either mild or moderate hyperthermia
(Figure 5.4; P>0.05). The relative decreases in sudomotor threshold following
acclimation were also similar between groups across all regions (Table 5.7; P>0.05).
Whilst the sudomotor sensitivity increased significantly following heat acclimation in
the larger group only at each of the four regions measured (Table 5.7; P<0.05), the
percentage increases in sudomotor sensitivity did not differ significantly between
groups at all regions measured (P>0.05). Together, these outcomes indicate that the
relative enhancements in whole-body and local sudomotor activity following heat
acclimation also appeared not to be significantly dependent on body morphology.
5.3.3.5 Psychophysical responses
Thermal sensation and thermal discomfort at rest and during mild
hyperthermia were significantly reduced following heat acclimation in both the
smaller and larger subject groups (Table 5.4; P<0.05), but remained unchanged
during moderate hyperthermia (P>0.05). However, perceived exertion at the wholebody, legs and chest were unchanged following heat acclimation (P>0.05). The one
exception was the perceived exertion at the legs in the larger group during moderate
hyperthermia, which was significantly greater after heat acclimation (Table 5.4;
P<0.05). This outcome may be explained by the local muscular fatigue that was
experienced by participants proceeding eight days of cycle (lower limb) exercise
during the heat acclimation treatment. Nonetheless, all psychophysical responses were
similar between groups before and after heat acclimation (P>0.05).
5.4 DISCUSSION
This experiment was designed to provide, what is perhaps the first, systematic
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evaluation of morphology on vasomotor and sudomotor adaptation. These responses
were assessed in carefully chosen smaller and larger individuals with considerable
differences in specific surface area, but who were matched for the secondary factors
that may influence thermal adaptation. Heat stress tests comprised of two exercise
intensities designed to elicit two clamped deep-body temperatures preceded and
proceeded by short-term heat acclimation. With this design, morphological differences
in the magnitude of thermoeffector adaptation could be independently evaluated at two
matched levels of equivalent thermoafferent flow across subjects. It was anticipated
that, following heat acclimation, smaller individuals would optimise the cutaneous
vascular response, while the sweating mechanism would become better developed in
larger individuals. Forearm blood flow and vascular conductance during rest in the
small group and exercise in both groups (Table 5.5), as well as whole-body and local
sweat rate during exercise in both groups (Table 5.6; Table 5.7), increased
significantly following heat acclimation. Whilst resting forearm vascular responses
significantly improved following heat acclimation in the small group only (Table 5.5),
and increases in sudomotor sensitivity at all regions measured were observed in larger
group alone (Table 5.7), the relative improvements in vasomotor and sudomotor
function during both rest and exercise did not differ significantly between groups
(Figure 5.4). Based on these outcomes, the working hypothesis was rejected, and it
was concluded that neither vasomotor nor sudomotor adaptations appear to be related
to morphological differences in the specific surface area. However, since those
thermoeffector adaptations may have been influenced by the environmental conditions
in which they were evaluated, and the length of the heat acclimation treatment, it
remains uncertain if thermoeffector adaptation displays a morphological dependency.
5.4.1 Experimental design considerations
Previous investigations on the factors that may influence the physiological
responses that accompany thermal adaptation have often relied on exercise at the same
absolute or relative work rates to both induce thermal adaptations, and to evaluate
those adaptations following acclimation (Pandolf et al., 1977; Shvartz et al., 1977;
Horstman and Christensen, 1982; Frye and Kamon, 1983; Anderson and Kenney,
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1987). This is the classical experimental model. However, since body temperature
will be lower at the same absolute work rate as heat adaptation progresses, that
experimental design may only elicit partial heat adaptation (Eichna et al., 1950; Fox
et al., 1963b; Taylor, 2014). More importantly, there will be a reduced
thermoafferent flow when those thermal adaptations are evaluated following this
treatment, if that work rate, and mean body temperature are lower (Jessen, 1981;
Boulant, 1996). Moreover, exercise performed at fixed absolute work rates will
increase the body temperature change in smaller individuals (Gagnon et al., 2009),
who must store, and then dissipate more heat per unit area to maintain heat balance
compared to larger individuals. This results in a greater thermal impulse
(physiological overload) in smaller individuals throughout acclimation, and also
increases thermoafferent flow in those individuals when those thermal adaptations are
evaluated. Therefore, this classical experimental design is also unsuitable for use
among individuals with widely differing body size.
To ensure the thermal impulse was constant throughout heat acclimation, and
matched across participants in the current study, the external work rate was controlled
to rapidly elevate and clamp deep-body temperature above the sweating threshold
(38.5oC) during each exposure (Fox et al., 1963b; Havenith and van Middendorp,
1986; Regan et al., 1996; Cotter et al., 1997; Patterson et al., 2004a). This
isothermal work rate ensured that the deep-body temperature (Figure 5.2A) and the
thermal impulse (Figure 5.1B) was fixed throughout the heat acclimation regimen and
equal between the smaller and larger groups. Furthermore, to elicit a state where the
vasomotor and sudomotor responses could be evaluated at equivalent and stable levels
of thermoafferent flow across participants prior to, and following, heat acclimation,
the external work rate was also controlled during each heat stress test to clamp deepbody temperature at two, steady-state levels across participants (Figure 5.3). With this
design, any differences in thermoeffector adaptation between the smaller and larger
individuals could be independently ascribed to morphological variations in the specific
surface area. To the best of our knowledge, this is the first study to use this approach
to evaluate thermal adaptations in a morphologically diverse sample.
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It is important to emphasise, however, that this design did not elicit equivalent
mean body temperature changes when those thermoeffector responses were evaluated
before and after heat acclimation. Indeed, since the pre-exposure baseline deep-body
temperature decreased significantly following heat acclimation, the mean body
temperature change during both mild and moderate hyperthermia in the postacclimation heat stress test was significantly greater following heat acclimation (Table
5.3). Given that the extent of thermoeffector activation is proportional to the rise
(Boulant, 1996) and rate of body temperature change (Savard et al., 1985; Olschewski
and Brück, 1988), these increases in body temperature change during exercise in the
post-acclimation heat stress test may have also increased thermoeffector activation,
independently of the improvements in thermoeffector function associated with thermal
adaptation. Consequently, the vasomotor and sudomotor adaptations observed in the
current study may appear greater than if those responses were evaluated during
exercise conditions eliciting equivalent mean body temperature changes. Nevertheless,
since the focus of this experiment was to identify morphological differences in the
relative change in thermoeffector activity following heat acclimation, exercise
performed at clamped absolute deep-body temperatures provided the more convenient
means to ensure thermoafferent flow was matched across participants.
5.4.2 Absolute differences in thermoeffector function following heat acclimation
As anticipated, both forearm blood flow and forearm vascular conductance
increased significantly during exercise in both the smaller and larger groups, and also
during rest in the smaller group (Table 5.5). Whilst these vasomotor improvements
are consistent with previous observations following heat acclimation during both
passive heating (Fox et al., 1963a; Yamazaki and Hamasaki, 2003) and exercise
(Roberts et al., 1977; Armstong and Kenney, 1993; Ichinose et al., 2009; Fujii et al.,
2012), others have reported that vasomotor activity is either unchanged (Whitney,
1954; Nielsen et al., 1976) or reduced following heat acclimation (Wyndham, 1951;
Rowell et al., 1967). These equivocal outcomes are thought to be explained by the use
of experimental designs that result in systematic differences in body temperature and
thermoafferent flow between when those responses were evaluated during heat
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acclimation (Taylor, 2014). In the current study, however, care was taken to ensure
those responses were assessed before and after heat acclimation at equivalent and
stable body temperatures, and therefore, thermoafferent flow, across participants
(Figure 5.3; Table 5.3). Therefore, this outcome has confirmed, perhaps for the first
time, that vasomotor function improves significantly following heat acclimation,
provided those responses are examined under experimental conditions eliciting
matched and clamped body temperatures.
Although absolute forearm blood flow and forearm vascular conductance
increased significantly during exercise in both the smaller and larger groups, those
improvements approached significance in the smaller group only during the resting
phase (Table 5.5). This outcome is consistent with the working hypothesis (Chapter 1,
Hypothesis 6), and indicates that resting vasomotor function may better develop
following heat acclimation in individuals with a higher specific surface area, who have
been shown to be more reliant on vasomotor-mediated dry-heat exchanges to maintain
heat balance in compensable environments (Notley et al., 2015; Notley et al., 2016).
However, since vasomotor function increased significantly in the smaller group during
rest only, it is possible that morphological differences in vasomotor adaptation may be
most evident when those responses are evaluated under thermally compensable
conditions.
It was expected that these improvements in vasomotor function during both
rest and exercise might also facilitate greater convective heat delivery from the core to
the skin in both groups (Fox et al., 1962a; Nielsen et al., 1993), and this would result
in increases in mean skin temperature and reductions in the thermal gradient for dryheat gain, while also increasing the water-vapour pressure gradient for evaporation.
However, following heat acclimation, skin temperature was unchanged in the smaller
group, and decreased significantly during both rest and exercise in larger individuals
(Table 5.3). These reductions in skin temperature also increased the thermal gradient
between the skin surface and surrounding environment in these individuals, and
caused subsequent increases in dry-heat gain during both mild and moderate
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hyperthermia (Table 5.3). Nevertheless, this observation is comparable with previous
evaluations of whole-body heat exchange using direct calorimetry (Poirier et al.,
2015), and may be explained by the increases in evaporative cooling that also
accompany heat adaptation, which lower skin temperature and increase dry-heat gain
(Eichna et al., 1950; Nielsen et al., 1997).
Previous investigations employing either a constant-work load (Eichna et al.,
1950; Rowell et al., 1967; Mitchell et al., 1976; Nielsen et al., 1997) or controlled
hyperthermia acclimation regimen (Fox et al., 1963b; Regan et al., 1996; Cotter et
al., 1997; Patterson et al., 2004a) have also observed sudorific adaptations during the
course of heat acclimation. This was also realised in the current study, with wholebody sweat rate, as well as local sweating at the four measured regions increasing
significantly during exercise in both subject groups (Table 5.6). These sudomotor
enhancements are often ascribed to functional adaptations in the sweat gland itself
(Nadel et al., 1974; Sato et al., 1990; Inoue et al., 1999; Buono et al., 2009) or
increases in the central drive for sweating (Ohnishi et al., 1986; Sugenoya et al.,
1986). However, since this experiment was not designed to evaluate the mechanism
behind these improvements, it was assumed these sudorific adaptations were
modulated by a combination of both central and peripheral adjustments.
Whilst some have also observed a more homogeneous distribution of local
sweat secretion on the body surface following heat acclimation (Cotter et al., 1997;
Patterson et al., 2004a), which is thought to increase the wetted skin surface to
maximise evaporation (Candas, 1987), this was not clearly apparent in the current
study (Table 5.6). However, unlike the present experiment, where the heat
acclimation treatment and heat stress tests were performed under hot, and somewhat
dry conditions (40oC, 37% relative humidity), all participants in those studies
exercised in hot, humid environments during the course of heat acclimation (~40oC,
60% relative humidity). Therefore, it is possible that the local sweating response may
only become more homogeneous following humid heat acclimation.
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In addition, a decrease in the threshold body temperature for the initiation of
sweating is commonly observed following heat acclimation (Fox et al., 1963a; Nadel
et al., 1974; Cotter et al., 1997; Patterson et al., 2004a), and this was also realised at
the four regional locations measured in both groups (Table 5.7). However, the change
in mean body temperature at the onset of sweating did not differ significantly before
and after heat acclimation in both groups (Table 5.7), and was similar to the observed
reduction in pre-exposure baseline mean body temperature following heat acclimation.
Therefore, it is likely that the observed reductions in sudomotor threshold following
heat acclimation were explained simply by the reductions in baseline mean body
temperature that also accompany thermal adaptation (Werner, 1994; Patterson et al.,
2004a; Taylor, 2014).
Others have also observed increases in sudomotor sensitivity during both
exercise (Patterson et al., 2004a; Poirier et al., 2015) and pharmacological
stimulation following heat acclimation (Collins et al., 1966; Lorenzo and Minson,
2010). In the current study, however, sudomotor sensitivity increased significantly at
all four regional sites in the larger group only (Table 5.7). This outcome is also
supportive of the working hypothesis (Chapter 1, Hypothesis 6), and indicates that
larger individuals with a lower specific surface area for heat exchange, may more
fully adapt the sweating mechanism. Given that improvements in sudomotor
sensitivity are often only realised following long-term heat acclimation (Armstrong
and Maresh, 1991; Patterson et al., 2004a), this outcome indicates that the time
course of sudomotor adaptation may also be of shorter duration among individuals
with a lower specific surface area during heat acclimation.
Although local and whole-body sweating during exercise increased
significantly in both groups following heat acclimation, evaporative heat loss
increased during mild hyperthermia only, and was unchanged during moderate
hyperthermia in both groups (Table 5.3). That outcome may be explained by the
increases in non-evaporated (dripped) sweat that were also observed following heat
acclimation (Table 5.6), which indicates that the whole-body sweat rate following heat
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acclimation, exceeded the maximal rate of evaporation possible during moderate
hyperthermia (Belding and Hatch, 1955). Therefore, rather than increasing the
evaporative-heat loss, these sudorific adaptations resulted in a higher proportion of
wasteful sweating. These findings are comparable to previous observations from heat
adapted subjects exercising in humid conditions (Mitchell et al., 1976; Nielsen et al.,
1997), and indicate that, when compared to smaller individuals, larger individuals
with greater fluid stores per unit area (Watson et al., 1980), may better tolerate
prolonged exercise in hot, humid environments that restrict evaporation, when sweat
losses cannot be matched by fluid intake.
Interestingly, however, neither absolute cutaneous vasomotor (Table 5.5) nor
local sudomotor activity (Table 5.6; Table 5.7), differed significantly between the
smaller or larger groups during both the pre- and post-acclimation heat stress tests.
This was surprising, because these thermoeffector responses have been shown to
display a significant morphological dependency during exercise in compensable
environments (Chapters 3 and 4; Notley et al., 2015; Notley et al., 2015), with
smaller individuals progressing more slowly from vasomotor to sudomotor pathways
to maintain heat balance. Nevertheless, in the current study, these thermoeffector
responses were evaluated in ambient temperatures that exceeded the skin and
promoted dry-heat gain. This environment was chosen to ensure that thermal
adaptations were evaluated in the same hot, dry environmental conditions as the heat
acclimation regimen, which were essential to create the elevations in skin temperature
required to optimise thermal adaptation (Regan et al., 1996). Therefore, rather than
the preferential recruitment of either cutaneous vascular or sweating responses that
has previously been observed in compensable conditions (Notley et al., 2015; Notley
et al., 2016), both the smaller and larger individuals were forced to rely on
evaporative cooling to prevent further rises in body temperature (Table 5.3). These
outcomes indicate that, irrespective of acclimation state, both vasomotor and
sudomotor function may be unrelated to morphology when those thermoeffector
responses are assessed in thermally uncompensable conditions.
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5.4.3 Relative differences in thermoeffector function following heat acclimation
To evaluate whether or not these thermoeffector adaptations were
morphologically related, the relative changes in vasomotor and sudomotor activity
following heat acclimation were compared between the smaller and larger groups
(Figure 5.4). It was hypothesised that, cutaneous vascular responses would better
develop in smaller individuals with a higher specific surface area, and a
morphological configuration better suited to vasomotor mediated dry-heat exchange in
compensable environments (Chapter 1, Hypothesis 6). Although absolute forearm
blood flow and forearm vascular conductance increased significantly during rest in the
smaller group only (Table 5.5), the relative changes in vasomotor function after heat
acclimation during both rest and exercise did not differ significantly between groups
(Figure 5.4). Therefore, rather than being morphologically related, this analysis
revealed that the magnitude of vasomotor adaptation following heat acclimation may
be body size-independent.
It was also anticipated that the sweating mechanism would more fully adapt in
larger individuals (lower specific surface area), who are forced to be more reliant on
sudomotion in compensable environments (Chapter 1, Hypothesis 6). Whilst absolute
improvements in sudomotor sensitivity were realised at all of the four regions
measured in the larger group only (Table 5.7), the relative changes in both sudomotor
sensitivity, as well as local and whole-body sweat rate were not significantly different
between these groups during both mild (Figure 5.4B) and moderate hyperthermia
(Figure 5.4C). Indeed, the outcomes from this analysis also indicate that neither local
nor whole-body sudomotor adaptations appear to be related to morphological
configuration. Therefore, the working hypothesis was rejected.
The observed similarities in the magnitude of vasomotor adaptation between
the smaller and larger groups may also be explained by the environmental conditions
in which these adaptations were evaluated. Unlike previous studies (Chapter 3 and 4;
Notley et al., 2015; Notley et al., 2016), where morphological differences in
thermoeffector function were realised in compensable environments that permitted
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both dry- and evaporative-heat dissipation, the ambient conditions in the current
experiment exceeded the skin temperature and forced all participants to rely on
evaporative cooling to prevent further rises in body temperature. Consequently, the
smaller individuals, who apparently rely more heavily on vasomotor-mediated dryheat losses under compensable environments, could not preferentially recruit this
thermoeffector mechanism. Therefore, it is possible that morphological differences in
vasomotor adaptation could not be observed under environmental conditions that
forced all participants to rely on evaporative-heat loss. To reveal those differences, it
may be necessary to evaluate thermoeffector adaptation under thermally compensable
exercise conditions eliciting matched body temperatures, where individuals with a
higher specific surface area are able rely on vasomotor-mediated heat losses.
Whilst one would still expect to see greater sudomotor adaptations in larger
individuals in thermally uncompensable exercise conditions, it is possible that the heat
acclimation regimen may not have been of sufficient duration to reveal morphological
differences in sudomotor adaptation. It is generally accepted that 75% of thermal
adaptations occur within six days of repeated heat exposure (Pandolf, 1998; Shapiro et
al., 1998). However, others have shown that sudorific adaptations continue beyond
fourteen days of heat exposure (Armstrong and Maresh, 1991; Patterson et al.,
2004a; Poirier et al., 2015). Therefore, it is possible that relative differences in the
magnitude of sudomotor adaptation among morphologically diverse populations may
only become evident following long-term heat acclimation.
Although several investigators have suggested that individual differences in
vasomotor and sudomotor activity following heat adaptation may be associated with
body morphology (Sundstroem, 1927; Burton, 1940, Taylor, 2014), the outcomes
from this analysis do not appear to support this possibility. This is important, because
it was unknown whether or not inter-individual variations in thermal adaptation were
linked to simple morphological differences in the specific surface area. However, it
remains uncertain whether or not these thermoeffector adaptations would display a
morphological dependency when evaluated under thermally compensable conditions
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that permit both dry- and evaporative-heat dissipation, following long-term heat
acclimation that allows complete sudorific adaptation.
5.5 CONCLUSIONS
Following short-term heat acclimation, it was anticipated that vasomotor and
sudomotor adaptations in smaller and larger participants with considerable differences
in specific surface area would differ significantly when evaluated during steady-state
exercise at two isothermal work rates under hot, dry conditions. Whilst both of these
thermoeffector responses increased significantly following heat acclimation, the
relative improvements in both vasomotor and sudomotor function during rest and
exercise were generally similar between the smaller and larger groups. These
outcomes indicate that, when evaluated during exercise in hot, dry environments,
following short-term heat acclimation, neither vasomotor nor sudomotor adaptations
appear to be significantly related to morphological variations in the specific surface
area. However, since the length of the acclimation regimen and the environmental
conditions in which these adaptations were evaluated may have contributed to this
outcome, the possibility that morphology may assist in explaining individual variations
in thermoeffector adaptation cannot be discounted.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS
6.1 CONCLUSIONS
The broad objective of the current project was to evaluate whether or not
morphological differences in the specific surface area may assist in explaining
inter-individual variations in vasomotor and sudomotor function in both men and
women, and also the preferential activation and the extent of thermoeffector
adaptation following heat acclimation. The first experiment was aimed at identifying
to what extent individual differences in body morphology may help to explain the
relative contributions of vasomotor and sudomotor function to the maintenance of heat
balance under compensable exercise conditions (Chapter 3). The second study was an
extension of the first, and was aimed at determining whether or not gender differences
in these thermoeffector functions may also be explained by morphological variations
between men and women under similarly compensable exercise conditions (Chapter
4). The final experiment was designed to evaluate the possibility that one’s
morphological configuration may also help explain individual differences in
vasomotor and sudomotor function following heat acclimation (Chapter 5).
However, prior to conducting any experimental work, it was first necessary to
address three important preliminary, theoretical considerations on how best to assess
body adiposity in physically heterogeneous populations, in the absence of
sophisticated equipment, how best to normalise physiological responses to body size
and the most appropriate way to standardise work intensity to elicit matched body
temperature changes in morphologically diverse samples (Chapter 2). Each involved
the collection of experimental data. In the first preliminary investigation, unadjusted
skinfold measures were found to overestimate adiposity in larger individuals, however
adjusting these data to the standing height of each participant removed this bias.
Therefore, whilst this method is less familiar to thermal physiologists, height-adjusted
skinfolds were used to assess adiposity within subsequent experiments. This ensured
that recruitment was based upon the most appropriate method for controlling
variations in adiposity. In the second preliminary investigation, four statistical
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procedures for normalising size-dependent physiological data were evaluated
(ratiometric scaling, adjusted regression analysis, analysis of covariance, allometry).
These outcomes were used to create procedures for selecting the most appropriate
statistical approach for normalising data collected within this series of experiments,
that permitted the unbiased comparison of these data across physically heterogeneous
participants. Without first establishing this, preventable systematic errors would have
been present within these data, resulting in the incorrect interpretation of experimental
outcomes. The final preliminary study was used to evaluate the standardised work
intensities that would elicit the clamped and stable body temperatures required to
perform meaningful comparisons of thermoeffector function among physically
heterogenous participants. Exercise at a fixed, area-specific metabolic heat production
rate was found to be the best approach for this purpose under compensable conditions,
and therefore, was utilised to standardise work intensity in subsequent experiments
(Chapters 3 and 4). However, for exercise in hotter (uncompensable) environments,
external work rate must be constantly controlled to clamp body temperature, and this
approach was used in the final experiment (Chapter 5).
In the first experimental Chapter (Chapter 3), the relative contribution of
vasomotor and sudomotor responses to the maintenance of heat balance was evaluated
in individuals spanning a wide body size range under thermally compensable exercise
conditions. Whilst others have identified the specific surface area as a key determinant
of thermoregulatory function (Havenith and van Middendorp, 1990; Havenith et al.,
1995; Cramer and Jay, 2014; Cramer and Jay, 2015), it remained uncertain to what
extent differences in morphology may help to explain inter-individual variations in
vasomotor and sudomotor function when those responses were evaluated in the
presence of equivalent thermoafferernt flow. To provide this information, vasomotor
and sudomotor function were assessed in participants with similar age, endurance
exercise habits and adiposity, but with considerably different body sizes, during
steady-state exercise eliciting matched heat-loss requirements and body temperature
changes in warm, dry conditions (28oC, 37% relative humidity). It was hypothesised
that cutaneous vasomotor function would be positively linked to the specific surface
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area, while sudomotor responses would be inversely related to that ratio, and this was
generally realised. Whilst the strength of this morphological dependency was only
moderate, those relationships could explain up to 46% and 19% of the individual
variations in vasomotor and local sudomotor function, respectively. It was concluded
that a thermoeffector recruitment cascade may exist, such that individuals with a
lower specific surface area for dry-heat exchange would more rapidly progress from
vasomotor to sudomotor pathways to maintain heat balance during exercise at low to
moderate metabolic heat production rates in compensable environments. Conversely,
individuals with a higher specific surface area depend more on vasomotor-mediated
dry-heat losses under such conditions, resulting in fluid conservation.
It was anticipated that this morphological dependency would also exist in
females, and would provide a strong mechanism to explain the gender differences in
vasomotor and sudomotor function that are often reported in the literature (Hardy and
DuBois, 1940; Wyndham et al., 1965; Weinman et al., 1967; Dill et al., 1973; Bittel
and Henane, 1975; Shapiro et al., 1980; Gagnon and Kenny, 2011; Gagnon et al.,
2013). Accordingly, in the second experiment (Chapter 4), these responses were
assessed in both male and female subjects spanning an extensive body-size range,
during similarly compensable exercise conditions eliciting matched heat-loss
requirements and body temperature changes across participants, whilst controlling for
the other factors (e.g., age, adiposity, aerobic fitness) that may influence those
responses. As predicted, cutaneous vascular responses shared positive associations
with the specific surface area in females, while both whole-body and local sudomotor
responses were negatively related to that ratio. Indeed, when pooled with the male
subject group, this morphological dependency could uniquely explain up to 48% of
the individual variations in those responses. However, after accounting for individual
differences in mean body temperature change, adiposity, peak aerobic power, as well
as the specific surface area, gender explained less than 5% of that thermoeffector
variance. Whilst others have suggested that gender differences in thermoeffector
function may be explained by morphological differences between men and women
(Nunneley, 1978; Burse, 1979; Kenney, 1985), this study is believed to be the first to
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confirm this hypothesis in a physically diverse, mixed-gender sample during exercise
conditions eliciting matched heat-loss requirements and body temperature changes
across participants.
In the final experiment (Chapter 5), it was hypothesised that morphological
differences in the specific surface area might also have some bearing on the extent of
thermoeffector adaptation. That is, individuals with a higher specific surface area,
who were found to be more reliant on vasomotor function under compensable
conditions (Chapters 3 and 4; Notley et al., 2015; Notley et al., 2016), might better
develop the cutaneous vascular response, resulting in the conservation of a limited
fluid reserve. On the other hand, sudomotor function would perhaps better adapt in
larger individuals with a lower specific surface area, who were shown to depend more
on sweat secretion in those conditions. These thermoeffector responses were evaluated
in smaller and larger participants with considerable differences in specific surface
area, but who were matched for age, adiposity and aerobic fitness, during steady-state
exercise performed at two matched and clamped deep-body temperatures (37.5oC and
38.5oC) under hot, dry conditions (40oC, 37% relative humidity), before and after
heat acclimation. Forearm blood flow and vascular conductance during both rest and
exercise, as well as whole-body and local sweat rate during both exercise states
increased significantly in both groups following heat acclimation. Although resting
forearm vascular responses significantly improved following heat acclimation in the
small group only, and increases in sudomotor sensitivity at all measured regions were
observed in larger group alone, the relative improvements in vasomotor and
sudomotor function following heat acclimation did not differ significantly between
groups. Therefore, it was concluded that, when assessed during uncompensable
exercise conditions following short-term heat acclimation, thermoeffector function
does not appear to be morphologically related. However, it remains uncertain whether
or not thermoeffector adaptation is related to morphology if those responses were
evaluated under compensable conditions, following long-term heat acclimation.
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6.1.1 Concluding remarks
From this series of experiments, including the three preliminary investigations,
six novel conclusions have emerged.
(i) To investigate inter-individual differences in thermoeffector control, thermal
clamping must be employed. Work performed at either area-specific rates of oxygen
consumption or metabolic heat production were found to be the best approaches for
achieving this design requirement in physically heterogenous populations during
compensable exercise conditions.
(ii) When evaluated in a morphologically diverse sample under compensable exercise
conditions eliciting matched heat-loss requirements and body temperature changes
across participants, individuals with a lower specific surface area more rapidly
progressed from vasomotor to sudomotor pathways to maintain heat balance, while
smaller individuals (higher specific surface area) depended more heavily on vasomotor
function.
(iii) After accounting for individual variations in mean body temperature change,
adiposity and aerobic power, the specific surface area alone could account for up to
46% and 19% the inter-individual variations in vasomotor and local sudomotor
activity, respectively.
(iv) When evaluated in females spanning a wide body-size range under similarly
compensable exercise conditions eliciting matched heat-loss requirements and body
temperature changes across participants, both vasomotor and sudomotor responses
also displayed a morphological dependency. That morphological dependency could
account for up to 48% of the individual thermoeffector variance across participants.
(v) Gender differences in thermoeffector function during exercise under thermally
compensable exercise conditions were explained, almost entirely, by morphological
differences in the specific surface area between men and women.
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(vi) When evaluated during exercise eliciting matched and clamped deep-body
temperatures in hot, dry, but uncompensable conditions, following heat acclimation,
the relative improvements in vasomotor and sudomotor function appeared to be
unrelated to morphological variations in the specific surface area.
6.2 FUTURE RESEARCH RECOMMENDATIONS
6.2.1 Body morphology and whole-body heat exchange under compensable
exercise conditions eliciting matched heat-loss requirements across participants
The outcomes from the first two experimental Chapters (Chapters 3 and 4)
have increased our understanding of the interaction between body morphology and the
vasomotor and sudomotor functions under thermally compensable exercise conditions.
However, it remains unclear how those morphological differences in thermoeffector
activity may influence the relative contribution of dry- and evaporative-heat loss to
maintaining heat balance in such conditions. Although those heat exchanges were
approximated using partitional calorimetry in the current study, and under the steadystate conditions required for those derivations to be valid (Kenny and Jay, 2013),
there was some doubt over whether those estimations provided the precision required
to detect individual differences in whole-body heat exchange. For instance, given that
increases in cutaneous blood flow facilitate convective heat transfer from deep-body
structures to the skin surface to promote convective and radiative cooling, it was
expected that dry-heat losses would also be positively related to the specific surface
area. Surprisingly, however, those heat exchanges did not differ significantly across
participants when normalised to the body surface area. Therefore, it was concluded
that direct calorimetric measures of heat exchange may be required to obtain the
sensitivity needed to detect individual differences in those autonomically mediated
dry-heat losses. With this information, it would be possible to perform a more
detailed evaluation of how morphological differences in thermoeffector activation
contribute to whole-body heat storage and exchange under compensable conditions.
Therefore, a logical extension of this research would be to evaluate vasomotor
and sudomotor function, as well as dry- and evaporative-heat exchange using wholePage 292

body direct calorimetry in a morphologically diverse sample of men and women
during thermally compensable exercise conditions. For this experiment, both male and
female subjects spanning an extensive body-size range, but with similar secondary
characteristics for the factors that may influence heat exchange (e.g., age, acclimation
state, aerobic fitness). Moreover, to be certain that variations in body adiposity would
not influence heat loss responses, it would be necessary to recruit subjects with
matched body adiposity. To achieve this, indirect measurements of body adiposity
(e.g., dual X-ray absorptiometry, magnetic resonance imaging) would be required to
obtain more precise information on body composition.
Participants would be required to complete rest and steady-state exercise at
fixed, area-specific metabolic heat production rates (~135 and 200 W.m-2), under
warm, dry environmental conditions (~28oC, 30% relative humidity). Throughout
each trial, a direct air calorimeter (Snellen et al., 1983; Reardon et al., 2006) would
be used to directly measure the rates of evaporative- and dry-heat exchange (radiant,
convective and conductive heat exchange), while local vasomotor (venous occlusion
plethysmography, laser-Doppler flowmetry ) and sudomotor responses (ventilated
sweat capsules) would also be assessed. This design would ensure that these responses
could be evaluated under steady-state conditions that elicited matched heat-loss
requirements and body temperature changes across participants. The results from this
experiment would be used to establish whether morphological differences in
vasomotor and sudomotor function modulate the contribution of dry- and evaporativeheat losses to maintaining heat balance. Moreover, by assessing those responses in a
morphologically diverse sample of both males and females, it would also be possible
to identify whether or not the absolute gender differences in whole-body heat
exchange reported in the literature (Gagnon and Kenny, 2011; Gagnon and Kenny,
2012), may also be explained by gender differences in morphology.
6.2.2 The interrelation between morphological configuration and climate type on
thermoeffector function and whole-body heat exchange
In addition, it remains uncertain whether or not vasomotor and sudomotor
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function display a morphological dependency during hotter, thermally uncompensable
exercise conditions, that force all participants to rely on evaporative cooling. Under
such conditions, dry-heat gain would also be greater in those individuals with a higher
specific surface area, and it would be impossible for those individuals to rely on
vasomotor-mediated dry-heat losses to meet the total heat-loss requirement.
Moreover, in the final experiment in this series (Chapter 5), neither absolute
vasomotor nor sudomotor activity differed significantly between individuals with
considerable differences in specific surface area when those responses were evaluated
during exercise under hot, dry conditions before and after heat acclimation.
Therefore, it is quite possible that morphological differences in thermoeffector
function may not exist in uncompensable conditions. However, to comprehensively
evaluate this possibility, both local and whole-body heat loss responses would need to
be assessed in a morphologically diverse population, during exercise conditions
eliciting matched body temperature changes, across differing ambient temperatures.
The resulting observations would assist in explaining inter-individual variations in
local and whole-body heat-loss responses in physically heterogeneous populations
across a variety of exercise and environmental conditions.
To perform such an evaluation, vasomotor and sudomotor function, as well as
both dry- and evaporative-heat exchange would be assessed in subjects spanning an
extensive body-size range, but with similar age, endurance exercise habits and wholebody relative adiposity. Subjects would be required to complete four experimental
trials, each involving exercise eliciting two, matched and clamped mean body
temperature changes (0.5oC and 1.5oC), under dry conditions (~30% relative
humidity), but with differing ambient temperatures in each trial (25oC, 30oC, 35oC
and 40oC). With this design, local and whole-body heat loss responses could be
evaluated during exercise at two, equivalent levels of thermoafferent flow (Jessen,
1981; Gordon et al., 2004; Cotter and Taylor, 2005), and under ambient conditions
permitting differing contributions of dry- and evaporative-heat loss to the total heatloss requirement. Therefore, if morphological differences in those heat-loss responses
were dependent on the environmental conditions under which they were evaluated,
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this approach would allow that interrelation to be identified. However, since this
design would not reveal how variations in the water-vapour pressure gradient for
evaporative-heat loss may influence heat-loss responses, an extension of the proposed
project would be to repeat the same trials at a fixed air temperature, but with differing
relative humidity. Those outcomes would provide novel information on the
morphological dependency of these thermoeffector responses under conditions that
reduce the cutaneous water-vapour pressure gradient for evaporative cooling.
That project may also have important implications for identifying genotypic
sources of thermoeffector variability. Indeed, with knowledge on the role of
morphology in explaining inter-individual variations in thermoeffector responses
under various environment conditions, one could use this as a foundation to
investigate the contribution of specific genotypes to explaining the remaining
individual variations in those responses. However, since many factors are polygenetic
in nature, attempting to understand the genetic contribution to thermoregulatory
function represents a significant challenge.
6.2.3 Body morphology and thermoeffector adaptation under thermally
compensable exercise conditions during long-term heat acclimation
Whilst the findings from the final experiment in this series indicated that
thermoeffector adaptation did not appear to be related to body morphology (Chapter
5), it was concluded that the hot, dry environmental conditions in which those
adaptations were evaluated, and the length of the acclimation regimen, may have
contributed to this outcome. In such conditions, evaporative cooling becomes the
primary avenue for heat loss in all individuals, and this may have made it impossible
to observe morphological differences in vasomotor adaptation following heat
acclimation. Although one would still expect to observe morphological differences in
sudomotor adaptation in those conditions, the chosen heat acclimation regimen may
not have been of sufficient duration to elicit complete sudomotor adaptation
(Armstrong and Maresh, 1991; Patterson et al., 2004; Poirier et al., 2015).
Consequently, the possibility that thermoeffector adaptation is morphologically
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dependent could not be absolutely discounted. However, by re-evaluating
thermoeffector adaptation in a morphological diverse sample during thermally
compensable conditions, following long-term heat acclimation under similar
conditions, one could confirm whether or not thermoeffector adaptation displays a
significant morphological dependency.
To achieve this, both local and whole-body heat loss responses would be
assessed in smaller and larger participants with considerable differences in specific
surface area, but who were matched for the secondary factors that may influence those
responses, during the course of long-term heat acclimation. To ensure complete
thermoeffector adaptation, participants would be required to complete a twenty-one
day acclimation regimen, consisting of intermittent exercise (90 min.day-1) under hot,
dry conditions (40oC, 30% relative humidity) to elevate and clamp deep-body
temperature at 38.5oC. Preceding acclimation, and on days seven, fourteen and
twenty-one of the protocol, as well as seven and fourteen days proceeding
acclimation, subjects would perform heat stress tests involving steady-state exercise
eliciting two matched and clamped mean body temperature changes (0.75oC and
1.5oC) under warm, dry environmental conditions (25oC, 30% relative humidity).
These exercise conditions would ensure that thermoeffector function could be
quantified in the presence equivalent thermoafferent flow across a range of steadystate body temperatures (Jessen, 1981; Gordon et al., 2004; Cotter and Taylor, 2005),
that were matched during the induction and decay of heat acclimation. This approach
would also allow the smaller participants, who possess a morphological configuration
better suited to dry-heat exchange, to depend more on vasomotor function to maintain
heat balance, while also forcing larger participants with lower specific surface area to
rely more heavily on the sweating mechanism (Notley et al., 2015; Notley et al.,
2016). Therefore, if that preferred thermoeffector mechanism was better developed
during heat acclimation, this design would allow those differences to be identified.
Since other individual factors (e.g., aerobic fitness) have been shown to
influence the time course of the induction and decay of heat acclimation (Pandolf et
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al., 1977; Armstrong and Maresh, 1991), the periodic evaluation of those adaptations
during the course of heat acclimation (days 1, 7, 14 and 21), and also following this
regimen (days 28 and 35), would also make it possible to identify whether or not
morphology influences the rate of thermoeffector adaptation and decay. Given that
smaller individuals possess a higher specific surface area and a morphological
configuration better suited to vasomotor mediated dry-heat exchanges, one might
expect those individuals to more rapidly develop the vasomotor response, and also
more slowly lose those vasomotor adaptations relative to individuals with a lower
specific surface area. On the other hand, larger individuals with a lower specific
surface area, who are forced to rely more heavily on the sweating mechanism in
compensable environments, might develop the sweating mechanism more quickly,
while also losing those adaptations more gradually, relative to a smaller individual.
6.2.4 Body morphology and thermoeffector function during cold exposure
Whilst the current project has been orientated towards understanding how
morphology influences thermoeffector function during heat stress, it is possible that
morphological differences in the specific surface area may also assist in explaining
inter-individual variations in the autonomic effector mechanisms that restrict heat loss
(vasoconstriction) and promote heat gain (shivering thermogenesis) during cold
exposure. That ratio is a key determinant of passive heat exchange in cold
environments and is known to be a significant predictor of body temperature change
during cold water immersion (Sloan and Keatinge, 1973; Friesen et al., 2014).
Interestingly, however, others have shown that the body temperature change during
cold exposure is similar among morphologically diverse populations (Wagner et al.,
1974; Smolander et al., 1992; White et al., 1992; Anderson and Mekjavic, 1996). In
those studies, individuals with a higher specific surface area also tended to display a
more powerful vasoconstrictor response and began shivering at a higher threshold
body temperature. These mechanisms offset the greater passive heat loss in those
individuals by increasing metabolic heat production and reducing the thermal gradient
between the skin surface and surrounding environment.
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Based on these findings, it would appear that individuals with a higher specific
surface area for heat exchange may be forced to more rapidly transition from the
vasomotor mechanism to shivering thermogenesis to maintain heat balance during cold
stress. Moreover, it is well known that in all mammals, including humans, metabolic
rate per unit body mass decreases with increasing body mass (Kleiber, 1947; Bergh et
al., 1991; Rogers et al., 1995; Darveau et al., 2002; Weibel et al., 2004; White and
Seymour, 2005). Therefore, smaller individuals will also possess a higher resting
metabolic heat production rate per unit body mass, and thus, may be better suited to
utilising the shivering mechanism to maintain body temperature in cold environments.
On the other hand, larger individuals (lower specific surface area) with a
morphological configuration better suited to storing thermal energy, may depend less
on the shivering mechanism and more on vasomotor function, resulting in energy
conservation. The possibility that thermoeffector activation during cold exposure may
be morphologically related is consistent with the findings from the current study
(Chapters 3 and 4), and may assist in explaining inter-individual variations in
thermoeffector function in physically heterogeneous populations during both rest and
exercise in cold environments. Nevertheless, previous evaluations of these responses
in morphologically diverse populations in cold environments are sparse (Wagner et
al., 1974; Toner et al., 1986; Smolander et al., 1992; White et al., 1992; Anderson
and Mekjavic, 1996), and have generally employed experimental protocols that elicit
systematic differences in thermoafferent drive across participants. Therefore, another
logical extension of this research would be to evaluate whether or not vasoconstrictor
tone and shivering thermogenesis display a morphological dependency during cold
stress.
To evaluate that possibility, vasomotor function and metabolic heat production
would be assessed in subjects spanning a wide range of body sizes, but who were
matched for the factors (e.g., age, adiposity) that may influence these response during
cold exposure. Subjects would be required to complete one experimental trial
involving a pre-treatment followed by steady-state rest at two matched and clamped
mean body temperature changes (-1.5oC [moderate hypothermia] and -0.75oC [mild
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hypothermia]). Subjects would first complete a pre-experimental treatment involving
cool-water immersion (~15oC) to reduce body temperature to the moderate
hypothermic level (-1.5oC). Once at this temperature, subjects would don a waterperfused suit, and enter a cool, dry environment (15oC, 20% relative humidity),
where skin temperature would be modified by controlling the temperature of water
circulating through the perfusion garment to clamp mean body temperature change at
this level (-1.5oC). Following steady-state data collection, the temperature of the water
circulated through that suit would be controlled to clamp mean body temperature
change at the mild hypothermia level (-0.75oC), where steady-state data would also be
recorded. With this design, thermoeffector function could be evaluated in the presence
of two levels of equivalent thermoafferent flow (Jessen, 1981; Gordon et al., 2004;
Cotter and Taylor, 2005), that would be matched across participants. Therefore, if the
contribution of either vasocontrictor tone or shivering thermogenesis was
morphologically related, this design would allow that dependency to be identified.
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